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INTRODUCTION

This document is the Final Report for the University of Iowa HELIOS Solar
Wind Plasma Wave Experiment [ES5a] supported under contract NAS5-11279 with
Goddard Space Flight Center. This contract provided for the design,
construction, testing, integration, and pre-launch activities of our
instrumentation and the post-launch operations and data reduction and analysis
activities. The objective of this experiment was the investigation of
naturally occurring plasma instabilities and electrostatic and electromagnetic
waves in the solar wind. To carry out this investigation, instrumentation
consisting of a l6-channel spectrum analyzer connected to the electric field
antennas, an antenna potential measurement system, a shock alarm system, and
supporting electronics was designed, constructed, tested, and flown on the two
HELIOS spacecraft. Five units were constructed under this contract: an
engineering test model, a prototype, two flight units, and one flight spare
unit. HELIOS 1 was launched on December 10, 1974, and HELIOS 2 was launched
on January 15, 1976. The University of Iowa HELIOS Solar Wind Plasma Wave
Experiments operated perfectly throughout the entire life of the mission which
lasted much longer than the planned 18 months originally expected. The useful
life of HELIOS 2 lasted until March 21, 1980 when an automatic switching of
the onboard power system killed the travelling wave tube amplifier and
severely damaged the spacecraft's data handling subsystem. HELIOS 2 was
finally commanded off on January 8, 1981. HELIOS 1l continued to operate until
March of 1986 when its command receiver failed. ’

As a part of this contract, we have acquired, processed, and analyzed
much valuable data from our experiments during the 11+ years of HELIOS 1 and
4+ years of HELIOS 2. Below we will describe the scientific objectives of the
HELIOS University of Iowa Solar Wind Plasma Wave Experiment, describe the
instrumentation designed and constructed to meet these objectives, discuss the
significant results obtained from the analysis of the data from this
experiment, describe research in progress and future research, and discuss the
ma jor problems and anomalies encountered. Appendix A contains a copy of the
technical description of the instrumentation and Appendix B contains a list of
the scientific reports and publications resulting from this contract along
with copiles of those reports and publications.
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SCIENTIFIC OBJECTIVES

The objective of the University of Iowa HELIOS Solar Wind Plasma Wave
Experiment was the investigation of naturally occurring plasma instabilities
and electrostatic and electromagnetic waves in the solar wind. In the solar
wind a wide variety of electromagnetic and electrostatic wave phenomena can be
expected Iin the frequency range from a few tens of Hz to several hundred kHz.
These phenomena include Type III solar radio noise bursts and associated
longitudinal electrostatic waves down to the solar wind plasma frequency (from
about 20 kHz at 1 AU to 100 kHz at 0.3 AU), intense (30 mV/m) electrostatic
electron plasma oscillations of the type observed with the Pioneer 8
spacecraft, electrostatic waves assoclated with Interplanetary shock waves and
solar particle emissions, whistler-mode instabilities related to anisotropic
solar wind electron distributions (T;/T; > 1), and electrostatic ion sound
waves. Characteristic frequencies at which emissions or cutoffs might be
expected include the upper and lower hybrid resonances, the electron and
proton plasma frequencies, and the electron and proton gyrofrequencies.

Wave~particle interactions can lead to many important effects in the
solar wind. Of particular interest on the HELIOS mission is the investigation
of instabilities which make the solar wind behave like a fluid. 1If the solar
wind had no collective effects, the ratio Ty/T; for the protons would be 100
to 1 or more at the Earth, contrary to observation. It 1is generally believed
that a plasma instability, possibly the whistler-mode, alters the proton
pitch-angle distribution. Because of the large radial variation in the solar
wind properties (density, magnetic field, T;/T;, etc.) from the Earth to 0.3
AU, the stability criteria and wave phenomena occurring in the solar wind at
0.3 AU may be quite different compared to near the Earth. The spatial
distribution of instabilities may influence the propagation of solar and
galactic cosmic rays, slowing down times for super thermal particles can be
drastically modified, waves generated in shocks can carry energy and momentum
away from the shock region, and many more examples can be cited. Also of
great importance 1s the direct observation of the electron plasma oscillations

which are believed to give rise to Type III solar radio bursts through
non~linear effects.

INSTRUMENTATION

The University of Iowa HELIOS Solar Wind Plasma Wave Experiment [E5a] was
jointly planned with the University of Minnesota [P. Kellogg, E5b] and Goddard
Space Flight Center [R. Weber and R. Stone, E5c] so that the combined
experiments would provide complementary measurements. The frequency range of
our experiment (E5a) and the University of Minnesota experiment (E5b),
nominally 20 Hz to 200 kHz, was chosen to include most of the characteristic
frequencies for plasma waves in the solar wind mentioned above. The upper
frequency limit (200 kHz) is approximately the maximum electron plasma
frequency expected and was also chosen ta provide some overlapping frequency
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Experiment (E5c) frequency range (26 kHz to 3 MHz). The lower frequency limit
for the plasma wave experiments (20 Hz) was influenced by the large spacecraft
spin rate (1 rotation per second). Since strong electric field signals are
expected at harmonics of the spacecraft spin rate due to the assymmetrical
photoelectron sheath around the spacecraft, the lower frequency limit of the
experiment has been chosen to be well above the frequencies of the expected
spin rate interference. Although the University of Iowa and the University of
Minnesota experiments cover the same frequency range, the two experiments are
complementary but not redundant. The University of Iowa experiment was
designed for high temporal resolution while the University of Minnesota
experiment was designed for high frequency resolution. Past experience with
plasma wave data from the Alouette, 0GO, Injun, and IMP satellites has shown
that it is very important to have both electric and magnetic field
measurements so that electromagnetic and electrostatic waves can be
distinguished. It 1s expected, therefore, that the AC electric field
measurements provided by the plasma wave experiments and the AC magnetic fileld
measurements provided by the HELIOS Search Coil Magnetometer Experiment [F.
Neubauer, E4] will provide complementary data for the identification and
understanding of certain phenomena.

The sensor for the University of Iowa HELIOS Solar Wind Plasma Wave
Experiment is the HELIOS electric field/radio astronomy antenna. The electric
field antenna and the associated erection mechanism were provided by the
spacecraft. The antenna 1s an extendible cylindrical dipole 32 meters
tip—to—tip, similar to antennas used on the Alouette, 0GO, IMP, and RAE
satellites. 1In order to reduce the capacitance between the antenna and the
spacecraft photo—electron sheath to an acceptable level, an insulating sleeve
approximately 2.0 meters long was placed over the antenna where the antenna
passes through the spacecraft photo-electron sheath region. The antenna
diameter was as small as possible (0.25 inch) in order to minimize the ratio
of resistive-to-capacitive coupling to the surrounding plasma. The erection
mechanism was designed to minimize the antenna to erection mechanism
capacitance. This capacitance does not exceed approximately 30 pf in the
extended configuration. Also, special consideration was given to
electrostatically shielding the antenna from spacecraft related interference,
such as through the erection mechanism, deployment length indicators, etc.
Each element of the electric dipole was connected to three preamplifiers which
provided signals to the respective University of Iowa, University of
Minnesota, and Goddard Space Flight Center experiments. The University of
University of Iowa preamplifiers themselves. The housing for each set of
preamplifiers measured 4.4™ by 7.4” by 1.5". The total weight for each set of
preampifiers was 0.45 kg.

The main elements of the University of Iowa HELIOS Solar Wind Plasma Wave
Experiment consist of (1) a differential amplifier, (2) a l6-channel spectrum
analyzer, (3) an antenna potential monitor, (4) a shock alarm, and (5) a power
supply. These elements are all packaged inside a main electronics box of
dimensions 8.4" by 9.7" by 4.3" which weighed 2.44 kg. Detalls of these
experiment elements, the Data Processing Unit (DPU), and the shock memory will
be discussed below. We will also des¢ribe the commands and the analog and

digital housekeeping data and engineering parameters pertinent to our
experiment.
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The differential amplifier provides AC signals proportional to the
potential difference between the antenna elements to the measurement
electronics. It provides a high order of common mode rejection to reduce the
response to interference signals present on both antenna elements. The
differential amplifier is followed by a narrow band notch filter which provides
approximately 30 dB of attenuation at frequencies of 20 kHz, 40 kHz, and 60 kHz
(harmonics of the power supply frequency).

The 16-channel spectrum analyzer is the basic element of the
University of Iowa experiment. This analyzer provides relatively coarse
frequency coverage and rapid temporal resolution with essentially
continuous coverage of all frequencies (20 Hz to 200 kHz) and all times
(using peak detectors). The lowest eight frequency channels (31.1 Hz to
1.78 kHz) use active filters spaced with four filters per decade of frequency
and have sine-wave bandwidths approximately + 19% of their center frequencies.
The highest eight frequency channels (3.11 kHz to 178 kHz) use passive filters
spaced with four filters per decade of frequency and have sine-wave bandwidths
approximately +11% of their center frequencies. A detector and log
compressor in each channel rectifies and logarithmically compresses signals
from the filter and produces an output DC voltage approximately proportional
to the logarithm of the signal intensity in each filter channel. The
dynamic range of the compressors extends from 10 uV to 1V RMS. The log
compressors provide three outputs each: (1) a peak output, (2) an average
output, and (3) a short time constant shock output. The peak output
provides a DC voltage (0.00 to 5.10 Volts) proportional to the logarithm
of the peak signal observed since the preceding reading. The peak
detector is reset after readout by a signal from the DPU. The average
output provides an RC average output with either (1) a time constant <t
which depends on the bit rate and science format mode or (2) a forced
short time constant, Tgs+ Which time constant is used 1is determined by
the shock alarm channel number. The forced short time constant for the
average output 1s selected when Bit 0O of the shock alarm channel number is
commanded to level "1". The short time constant shock outputs provide
short-time-constant determinations of the logarithms of the field
strengths to the shock mode memory. One channel of short time constant
outputs (called the rapid sample output) is continuously available in the
normal science data. The channel selected for this rapid sampling is
determined by the shock alarm channel number. The output from
this channel is sampled 16 times in one spacecraft rotation by the DPU
and stored for later readout. On HELIOS 1 the selected channel was equal
to the shock alarm channel number. On HELIOS 2 provisions were made to
sequentially step through all 16 channels in 16 consecutive readout
periods when Bit 1 of the shock alarm channel number was commanded to
level "1". A Shadow Blanking Pulse was provided by the DPU to the
experiment to open the input to the eight lowest frequency compressors
for one eighth of a spin period twice per rotation to reduce the effects
of large voltage pulses generated as the antenna sweeps through the
spacecraft shadow. This blanking pulse could be eliminated by command.
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The average potential, V,yp, and the difference potential, Vgjff,
between the antenna elements are measured with operational amplifiers in
the main electronics package. The frequency range of the Vji¢y¢
measurement is from 0.2 to 10.0 Hz. The dynamic range of the Viiff
measurement can be controlled by command to be either +8.0, +2.0,

0.5, or +0.125 Volts. The dynamic range of the V,,, measurement is
+20.00 Volts. These data are needed for a complete understanding of
the antenna operation in the plasma surrounding the spacecraft.

A shock alarm signal is to be sent to the spacecraft when the
plasma wave experiment senses electric field noise associated with an
interplanetary shock wave or other transient events. The shock alarm
circuit permits the selection of any one of the 16 spectrum analyzer
channels, by command, for shock identification. The threshold field
strength required to trigger the shock alarm has 16 levels and is
controlled by a four bit binary counter. The shock threshold level,
which we call Shock Value E, is reset whenever any shock channel command
1s received. After reset, the threshold is advanced upward every time the
threshold is exceeded. 1In each case the new threshold level is set to the
peak value of the electric field strength observed. This procedure,
therefore, results 1in the storage of the "best™ event observed over the
shock search interval. 1Inhibit lines from E5b and ES5c prevent the
threshold from advancing while the E5b impedance measurement is on or while
E5c 1is calibrating. The shock level value is available on two outputs.
The first is a four bit parallel binary word sent to the DPU. The DPU
sends this value and other data to the spacecraft data handling system as
serial words. The shock level value 1s also sent in the form of a single
analog voltage (0.00 to 5.10 Volts) directly to the spacecraft as an
engineering parameter. The higher voltages represent higher values of the
shock level. This line was included as a backup to provide some useful
data via the englneering subsystem if there were ever a major failure in
the science data handling subsystem.

The experiment power supply provides regulated voltages of +6
Volts and +12 Volts to the experiment electronics. The power supply
operates at a frequency of 20 kHz and is synchronized by a 40 kHz
synchronization signal provided by the spacecraft. The total power
consumed by our main electronics package and our two preamps is 2.66 Watts
at a nominal input voltage of 28 Volts.

The Data Processing Unit (DPU) for the Plasma Wave Experiment is
separate from the main experiment electronics and was provided by Goddard
Space Flight Center through an industrial contractor. The purpose of the
DPU is to (1) provide interface connections between the experiment and
the spacecraft, (2) provide A/D conversion of all scientific analog data,
and (3) provide buffer storage, as necessary, to adapt to the spacecraft
data transmission format. Experiment E5a has 50 analog output lines
which must be sampled by the DPU. These lines are the 16 spectrum analyzer
peak outputs, the 16 spectrum analyzer average outputs, the 16 short time
constant shock outputs, the rapid sample output, and the V4iff output.
For real time data transmission of the normal science data these outputs’



i )

1

are sampled in a basic data block consisting of 16 6-bit Peak samples, 16
6-bit Average samples, and 8 8-bit V4iff or Rapid Sample samples. The 16
Peak spectrum.analyzer outputs are sampled simultaneously to within 0.25
seconds. The 16 Average spectrum analyzer outputs are also sampled
simultaneously to within 0.25 seconds, but these Average samples are
taken at a different time than the Peak samples. The Peak and Average
sampling of a given channel are equally spaced in time between successive
data blocks. The DPU A/D converter converts these samples into digital
words and stores them in a buffer storage for later transfer to the
spacecraft telemetry. The DPU also provides a signal to our experiment
which resets the Peak detectors immediately after the 16 Peak samples are
obtained. 16 V4iff or Rapld Sample samples are acquired at 16 equally
spaced angles covering one complete spin. Two consecutive data blocks are
required to transmit either the complete 16 Vjyj¢f or 16 Rapid Sample
samples. The spin synchronized sampling alternates between V4iff and
Rapid Sample in each two consecutive data blocks. The time required to
transmit each basic data block is determined by the spacecraft bit rate
and telemetry format. It varies from 1.125 seconds to 576 seconds.

Sampling of data for shock mode storage occurs concurrently with
the real time data sampling described above. When a shock or other large
transient event occurs, data from both before and after the shock are
stored in the spacecraft shock mode memory for later readout. Our
experiment has 17 analog output lines which are sampled by the DPU for
the shock mode memory read-in. They are the 16 short time constant shock
outputs and V4i¢¢. For the shock mode data transfer these outputs are
sampled in a basic data block consisting of 16 6-bit short time constant
spectrum analyzer samples and four 8-bit Vjyiff samples. The sampling
rate for the 16 short time constant spectrum analyzer samples 1is such
that all the samples occur within the time to transmit each basic data
block. The times to transmit a basic data block are 0.281 seconds, 0.141
seconds, and 0.070 seconds, respectively, for the three shock mode memory
read-in bit rates. The V4iff samples are equally spaced in time, both within
a basic data block and between successive data blocks. Thus the time
between V4ifr samples 1s one quarter the basic data block transmission times
just listed above. Spin synchronized sampling of the V4jff data is not used
in the shock data because the sampling rates obtained in the shock mode data
are sufficiently high to permit direct real time resolution of spin effects.

The onboard shock mode memory contained on each HELIOS spacecraft
has a capcity of 21% (524,288) bits. Each shock mode data block consists
of 1152 bits acquired from the shock mode experiments (the magnetic field
experiments, E2 and E3, the search coll magnetometer experiment, E4, and
the plasma wave experiments, E5a and E5b) plus relevant spacecraft and
engineering data. 1120 bits from each block (the 32-bit synchronization
word is not stored) are stored in the memory which can hold 468 full blocks.
The memory 1s divided into three parts, A, B, and C. Parts A and B each
hold 108 blocks while part C holds 252 blocks. Read-in rates to the memory
are 4096 bps, 8192 bps, and 16,384 bps. Thus the times to transmit each
1152~bit block are 0.281 seconds, 0.141 seconds, and 0.070 seconds,
respectively, for the three bit rates. The shock mode data are read
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continuously into either part A or part B of the memory which are cyclic.
Once the part is filled, new data are written over beginning at the
beginning of that memory part. When a shock alarm signal is received
from either E2 or E5a (the choice is determined by a spacecraft command)
the data are immediately routed to part C of the memory which 1s filled
just once. From then on until another shock alarm signal is received,
the shock mode data are read into either part B or part A, whichever one
was not being used just before. The above shock mode memory read-in
processes continue until commanded to stop. Then the shock mode memory
data are transmitted to the ground. Data from part C of the memory are
data immediately following the last shock alarm triggering and the data
from either part A or part B are the data immediately preceding the last
shock alarm triggering. The remaining part of memory data (either part B
or part A) contains the data acquired just before the memory was
commanded to stop read-in. The time periods covered by the

data in part C of the memory are 70.9 seconds, 35.4 seconds, and 17.7
seconds, respectively, for the three shock memory read-in rates. The
time periods covered by the data in part A and part B of the memory are
30.4 seconds each, 15.2 seconds each , and 7.6 seconds each, respectively,
for the three shock memory read-in rates.

The University of Iowa HELIOS Solar Wind Plasma Wave Experiment has
five Shock Alarm Channel Number commands, three Vqjff Gain commands, and
a Shadow Blanking Override command. Command 006 resets all four bits of
the Shock Alarm Channel Number to level "0" and turns off the Shadow
Blanking Override Command. Command 371 sets Bit O of the Shock Alarm
Channel Number to level "1" and also sets the average output of the
spectrum analyzers to the forced short time constant. Command 027 sets
Bit 1 of the Shock Alarm Channel Number to level "1" and on HELIOS 2
causes the Rapid Sample electronics to sequentially step through all 16
channels. Command 350 sets Bit 2 of the Shock Alarm Channel Number to
level "1". Command 216 sets Bit 3 of the Shock Alarm Channel Number to
level "1". Each of these five commands also resets the Shock Value E to
zero. Because the noise level amplitude in each channel is sufficient to
raise the Shock Value E one step above zero, the Shock Value E will
immediately jump at least one step above zero unless it is inhibited.
Thus these commands can be used to generate an artificial shock for a
shock mode memory read-in if E5a is controlling the triggering of the
shock mode memory (spacecraft command 275) and if ES5a is not being
inhibited by E5b or E5c¢c during their calibrations.

Command 161 resets both V4i¢f Gain bits to level "0". Command 237
resets Vyire Gain bit 0 to level "1". Command 140 resets V4i¢¢ Gain
bit 1 to level "1". Vgjff Gain = O is the least sensitive gain setting
and covers the range from -8 Volts to +8 Volts. The V4iff output is
linearly proportional to the input but it has a DC offset such that 0
Volts in equals 2.50 Volts out. Since the 8-bit V4iff output has a
conversion ratio of one data number per 20 millivolts, the data number
corresponding to O Volts in is 125. Each higher gain step 1s four times
more sensitive than the gain step below it.
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Command 223, the Shadow Blanking Override command, removes the
shadow blanking of the lowest eight spectrum analyzer channels discussed
earlier in the spectrum analyzer section.

" The University of Iowa HELIOS Solar Wind Plasma Wave Experiment has
three Analog Housekeeping words and one Digital Housekeeping word in the
engineering data transmitted along with the normal science formats plus
one Digital Housekeeping word stored in every block of the shock mode
memory data.

The three Analog Housekeeping parameters are the Shock Value E,
the Low Voltage Power Supply Monitor, and the Antenna Average Potential.
The Shock Value E (SHOC-E) is found in Subcom Channel B-040. This
parameter 1s an analog voltage proportional to the logarithm of the
peak Intensity measured by the selected shock channel since reset. The
Low Voltage Power Supply Monitor (LVPSM) is found in Subcom Channel C-038.
This parameter 1s an analog voltage equal to 2/3 of the regulated +6 Volt
power supply line in the experiment. The Antenna Average Potential
(V-AVG) 1is found in Subcom Channel C-039. This parameter is an analog
voltage proportional to the average antenna potential, but it has a DC
offset such that O Volts in equals 2.50 Volts out (Data number = 125).
It measures the antenna potential from -20 Volts to +20 Volts.

The Digital Housekeeping word, given the designation DSEDB4, is
found in Subcom Channel B-009. Bit 1 of this word is equal to Shock
Alarm Channel Number Bit 3. Bit 2 of this word is equal to Shock Alarm
Channel Number Bit 2. Bit 3 of this word is equal to Shock Alarm Channel
Number Bit 1. Bit 4 of this word is equal to Shock Alarm Channel Number
Bit 0. Bit 5 of this word is equal to V4iff Gain Bit 1. Bit 6 of this
word i1s equal to Vyi¢ff Gain Bit 0. Bit 7 of this word is a logical "1"
if the Shadow Blanking Override is on or if the E5a shock alarm
triggering is inhibited by E5b or E5c.

The Digital Housekeeping word (designated 5E) in the shock mode
memory data blocks contains the binary representations of the Shock Alarm
Channel Number and the Shock Value E. The Shock Alarm Channel Number is
given by bits 0-3 of SE. Bits 0-3 of 5E are equivalent to bits 3-0 of
the Shock Alarm Channel Number. The binary representation of the Shock
Value E are given by bits 4-7 of 5E. Bits 4-7 of 5E are equivalent to

bits 3-0 of the binary representation of the Shock Value E.
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SIGNIFICANT RESULTS

Many significant advances in the study of plasma waves in the
solar wind have been made with data from the University of Iowa Plasma
Wave Experiments on HELIOS 1 and 2. The first observations of intense
electron plasma oscillations associated with Type III solar radio bursts
were made with data from these instruments. These observations confirmed
the basic electron plasma oscillation mechanism proposed by Ginzburg and
Zheleznyakov in 1958 for the generation of the Type III solar radio
emissions. A study of electron plasma oscillation events associated with
Type III solar radio bursts, using data from HELIOS 1 and 2, IMP 6 and 8,
and Voyager 1 and 2, found that these events showed a pronounced increase
in both intensity and frequency of occurrence with decreasing
heliocentric radial distance. Only the HELIOS spacecraft, with their
close approaches to the sun (about 0.3 AU perehelion) have been able to
provide in situ measurements of these events in the region of their
highest occurrence.

The Type III solar radio burst itself has been studied
extensively using data from the HELIOS spacecraft. Stereoscopic radio
direction-finding measurements from the HELIOS 1 and 2, IMP 8, and
Hawkeye 1 spacecraft were used to track a Type III solar radio burst in
three dimensions, independent of modeling assumptions concerning the
emission frequency as a function of radial distance from the Sun. By
combining these radio direction-finding measurements with direct
in situ measurements of the solar wind plasma density near the Sun, it
was found that the dominant emission occurs at the second harmonic, 2fj,
of the electron plasma frequency. The results of this study confirmed
earlier results.by other investigations which had to rely on assumed

models for the radial dependence of the emission frequency or on average
statistical properties of the solar wind.

Further work has also been done on the association of Type III
solar radio bursts and electron plasma oscillations in order to provide
ilmportant new information on nonlinear plasma processes of considerable
current interest. A study of the volume emissivity of Type III solar
radio bursts showed that although the emissivities varied over a large
range, all the emissivities decreased rapidly with increasing
heliocentric radial distance. The best fit power law for the events
analyzed found the emissivity, J, proportional to R™6:0%0.3, yhen the
observed electron plasma oscillation intensitites and variation with
radial distance (E was proportional to R™!+%%0.5) yere used in two
current models for the conversion of electrostatic plasma oscillations to
electromagnetic radiation, the observed emissivities were shown to be in
good agreement with the predicted emissivities.
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The most commonly observed plasma wave detected by HELIOS is a
sporadic emission between the electron and ion plasma frequencies. These
waves are thought to be ion acoustic waves which are Doppler-shifted
upwards in frequency from below the ion plasma frequency by the motion of
the solar wind. Wavelength measurements fron IMP 6 support this
conclusion. Comparison of HELIOS results with measurements from this
Earth-orbiting spacecraft show that the ion acoustic wave turbulence
detected in interplanetary space has characteristics essentially
identical to those bursts of electrostatic turbulence generated by
protons streaming into the solar wind from the Earth's bow shock. 1In a
few cases, ion acoustic wave enhancements have been observed in direct
assoclation with abrupt increases in the anisotropy of the solar wind
electron distribution. Comparisons with the overall solar wind
corotational structure show that the most intense ion acoustic waves
usually occur in the low~velocity regions ahead of high-speed solar wind
streams. Of the detailed plasma parameters investigated, the ion
acoustic wave intensities are found to be most closely correlated with
the electron-to-proton temperature ratio, Te/Tp, and with the electron
heat flux. Investigations of the the detailed electron and proton
distribution functions also show that the ion acoustic waves usually
occur in regions with highly non-Maxwellian distributions characteristic
of double-proton streams. Two main mechanisms, an electron heat flux
instability and a double-ion beam instability, have been extensively
studied as possible generation mechanisms for the ion-acoustic-like
waves observed in the solar wind. More recently the electrostatic lower
hybrid instability has been studied as a possible generation mechanism
when Te/Tp is near one. The possible macroscopic consequences of the
solar wind ion acoustic waves detected by HELIOS is uncertain. It has
been suggested that ion acoustic waves in the solar wind could have
important consequences for controlling heat conduction in the solar wind.
However, the ion acoustic waves detected by HELIOS are usually very weak.
The ratio of the electric field energy density to the plasma energy
density, E2/8mmkT, is only about 107> to 10~7 during intense bursts,
and much smaller on the average. Whether such low intensities can have
significant macroscopic effects on the solar wind still needs to be
explored in more detail.

Plasma wave turbulence associated with interplanetary shocks has
also been studied using the HELIOS plasma wave data. Three types of
plasma waves are usually detected in association with a strong
interplanetary shock: (1) electron plasma oscillations, (2) electrostatic
ion-acoustic or Buneman mode turbulence from about 1 to 30 kHz, and (3)
whistler-mode electromagnetic noise. The primary burst of electric and
magnetic field noise at the shock occurs a few seconds after the jump in
the magnetic field, with a broad maximum in the electric field
intensitites at a few kHz and a monotonically decreasing magnetic field
spectrum below about 1 kHz. Many of the characteristics of strong
interplanetary shocks are found to be closely similar to previous

observations of plasma wave turbulence associated with the Earth's bow
shock.
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RESEARCH IN PROGRESS AND FUTURE RESEARCH

The University of Towa Plasma Wave Experiments on HELIOS 1 and 2
operated satisfactorily for the entire lives of the HELIOS spacecraft and
have provided us with much valuable data that is still important to space
physics researchers. HELIOS 1 operated for an entire 11 year solar cycle
and HELIOS 2 operated from about solar minimum until solar maximum. As
the HELIOS mission approached solar maximum, the number of solar radio
bursts and interplanetary shock waves detected increased dramatically.
This increase in activity provided many valuable opportunities for
correlative studies with ISEE 1, 2, and 3 and IMP 8 to provide
triangulation measurements of Type III solar radio bursts and other
plasma wave events. Current research efforts are concentrating on the
study of plasma waves associlated with Interplanetary shocks using a large
number of events to Investigate the dependence of the plasma wave
intensities on the Mach number, magnetic field direction, and shock
normal angle. Other studies of electron plasma oscillations associlated
with Type III solar radio bursts and electron plasma oscillations and ion
acoustic waves in the solar wind are continuing. We have produced
24-hour survey plots of all of our HELIOS 1 and 2 plasma wave data and
have submitted microfilm copies of them to the National Space Science
Data Center. In support of our current research efforts we have produced
and will continue to produce expanded time-scale plots for ourselves and
University and Max Planck Institut fur Aeronomie, Lindau), Professor F. M.
Neubauer (University of Cologne), Drs. E. Marsch and A. Richter (Max
Planck Institut fur Aeronomie, Lindau), and Dr. C. Dum (Max Planck
Institut fur extraterrestrische Physik, Garching).

We have not been able to pursue new research topics using the HELIOS
data to the extent that we would have liked because of the limited amount
of funds that have been available for HELIOS data reduction and analysis in
the past several years. Since the beginning of FY82, we have been funded
at an average rate of about $13,000 per year. This funding has been
adequate only to carry out the necessary HELIOS computer processing for the
generation of the survey plots, to do a minimal amount of data analysis in
support of the research topics listed above, and to provide special
processing upon request to other HELIOS investigators.
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MAJOR PROBLEMS AND ANOMALIES ENCOUNTERED

Shortly after the launch of HELIOS 1 it was discovered that one
of the two antenna elements which make up the electric dipole antenna did
not extend properly and was electrically shorted to the spacecraft
structure. The resulting antenna configuration was therefore an electric
monopole, the spacecraft body and associated booms acting as a ground
plane. Although this was not the intended antenna configuration, the
effects of this failure were not particularly serious. Monopole antennas
of this type have been successfully used on several previous spacecraft
plasma wave and radio wave experiments. The primary detrimental effects
for the HELIOS 1 Plasma Wave Experiment were a loss of 6 dB in the
electric field sensitivity because of the shorter antenna length and an
increase in the noise level of the 178 kHz channel by about 25 dB because
of an interference signal conducted into the experiment from the shorted
antenna. It was also thought that the reduced common mode rejection
caused by the asymmetrical antenna configuration would result in larger
interference levels, particularly from the spacecraft solar array.
However, comparisons with the HELIOS 2 spacecraft, for which both
antennas extended properly, showed that the background noise voltages
were essentially the same in all except the 178 kHz channel. One
disadvantage of a monopole antenna 1s that the effective length cannot be
estimated as well as for a dipole antenna because of the complicated
geometry of the spacecraft body. To calculate electric field strengths
from the HELIOS 1 data, we assumed that the spacecraft body acted as a
perfect ground plane, in which case the effective length is one half of
the length of the monopole element, or lggs = 8.0 meters. The assumption
is justified mainly on the grounds that the spacecraft body and
assoclated booms have a rather large capacitance to the surrounding
plasma which should maintain the spacecraft potential essentially
constant with respect to the local plasma potential. At higher
frequencies, above the electron plasma frequency where plasma effects are
not important, the effective length is probably somewhat smaller, by
about 15-20%, because of the finite size of the ground plane. Because of
the large range of electric field strengths encountered in the solar
wind, uncertainties of this magnitude are not considered serious. The
calculated electric field strengths also rely on the assumption that the
wavelengths are longer than the antenna length. In most cases, specific
tests based on spiln modulation measurements of the antenna pattern and
Doppler shift estimates can be performed to verify this assumption.
The power flux for auroral kilometric radiation and electric field
strengths for electron plasma oscillations observed by HELIOS 1 as it
passed through the Earth's bow shock were in good quantitative agreement
with previous similar measurements from the IMP 6 and 8 spacecraft.
This showed that the assumptions regarding the effective antenna length
were reasonable.

Below 1 kHz, the noise levels on HELIOS 1 and 2 were noticeably
higher than what we had found on IMP 6 and 8. The rapid increase in the
HELIOS noise levels below 1 kHz is caused by interference from the solar
array. Because of the spacecraft rotation, large voltage transients, as
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large as 70 Volts, occur as the solar panels rotate into and out of the

“sunlight. These voltage transients are coupled to the antenna through

the plasma sheath surrounding the spacecraft and produce strong
interference over a very broad range of frequencies. This same type of
interference also occurs at low frequencies in the IMP 6 and 8 electric
field measurements but is more intense on HELIOS 1 and 2 because of the
higher spin rate (1.0 rps) in comparison to the spin rates of IMP 6 and
8 (0.083 and 0.4 rps).

The sensitivity of the HELIOS 1 instrument was about a factor of
two poorer than that of the HELIOS 2 instrument at all frequencies
(except at 178 kHz where it was a factor of 16 poorer) due to the factor
of two difference in antenna lengths. The sensitivities of both HELIOS
instruments were poorer at all frequencies than the IMP 6 and 8
sensitivities mainly due to the fact the IMP spacecraft had longer
antennas. The effective antenna lengths on HELIOS 1 and 2 were 8.0 and
16.0 meters, respectively, while the effective antenna lengths on IMP 6
and 8 were 46.2 and 60.9 meters, respectively. Since during much of the
time, especially during solar minimum, many of the receiver channels
remained near their noise levels, it would certainly have been desireable
to have had longer antennas on HELIOS.

A highly unusual and unexpected interference problem was
encountered on HELIOS 1 when the S band telemetry signal was switched
from the medium gain to high gain telemetry antenna about 10 days after
launch. When the telemetry transmitter was switched to the high gain
antenna, a very intense broadband interference occurred, with an increase
in noise level of nearly 50 dB in some channels. This interference was
also accompanied by a number of other dramatic effects indicating a major
disturbance in the plasma around the spacecraft, the most notable being a
large increase in the E & 100 eV electron flux detected by the solar wind
plasma experiment and a charging of the electric antenna element to -30
to =40 Volts with respect to the spacecraft structure. Subsequent
investigations of these effects have led to the conclusion that the
interference and electron heating are caused by a multipacting breakdown
of the high gain antenna feed. This breakdown is essentially a transit
time resonance for electrons accelerated across the gap in the antenna
feed and occurs when the secondary emission coefficient is sufficiently
large to cause a rapid buildup of electron density in the gap. Since the
resonance condition is highly sensitive to gap spacing, the antenna feed
on HELIOS 2 was redesigned with a larger gap spacing to eliminate this
problem. As a result of this modification, no similar interference
problems were observed on HELIOS 2. Because of the multipacting problem
with the high gain antenna, useful plasma wave data could initially be
obtained only by using the medium gain antenna. Since operation with the
medium gain antenna resulted in a significant bit rate penalty to the
other experiments, this mode of operations was quite limited, usually
consisting of only a few 8-hour passes per week. Fortunately, shortly
after the first perehelion passage, the multipacting interference
completely disappeared, and it has not reappeared except for a short
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period during the second perehelion passage. The disappearance of the
multipacting breakdown 1s not understood in detail but is generally
thought to be caused by modifications of the surface properties
(secondary electron coefficient) of the high gain antenna feed due to the
high temperatures encountered near perehelion or to the wearing down of
sharp edges on the feed by the continuous bombardment of electrons.
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1.0 Scientific Objectives

This document describes the University of Iowa solar wind plasma
wave experiment for the HELIOS missions (Experiment Sa). This experi-
ment has been jointly planned with the University of Minnesota (p.
Kellogg] and GSFC [R. Weber and R. Stone] so that the combined
experiments provide complementary measurements.

The objective of this experiment is the investigation of naturally
occurring plasma instabilities and electromagnetic waves in the
solar wind. In the solar wind & wide variety of electromagnetic
and electrostatic wave phenomena can be expected in the frequency
range from a few tens of Hz to several hundred kHz. These phenomena
may include Type III radio noise bursts and associated longitudinal
electrostatic waves down to the solar wind plasma frequency (from about
20 kHz at 1 AU to 100 kHz at 0.3 AU), intense (30 mV/m)'electrostatic
waves of the type observed by Scarf with the Ploneer 8 spacecraft,
electrostatic waves associated with interplanetary shock waves and
solar particle emissions, and whistler-mode instabilities related to
anisotropic solar wind electron distributions (TH/TL:> 1). Figure 1
summarizes the frequency range and characteristics of various plasma
noise phenomena which could be expected in the solar wind and Figure 2
i11lustrates the expected radial variation of the solar wind electron
plasma frequency, ion plasma frequency, electron gyrofrequency, and

lower-hybrid resonance frequency from the earth to 0.3 AU.
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Wave-particle interactions can lead to many important effects in
the solar wind. Of particular interest on this mission is the investi-
gation of instabilities which make the solar wind behave like a fluid.
If the solar wind had no collective effects, the ratio T”/Tl for the
protons would be 100 to 1 or more at the ear?h, contrary to observation.
It is generally believed that a plasma instability, possibly the
whistler-mode, alters the proton pitch angle distribution. Becawse
of thé large radial variation in the solar wind properties (density,
magnetic field, %I/TL’ etc.) from the Earth to 0.3 AU, the stability
criteria and wave phenomena occurring in the solar wind at 0.3 AU may
be quite different compared to near the Earth. The spatial distribution
of instabilities may influence the propagation of solar and galactic
cosmic rays, slowing down times for super thermal particles can be
drastically modified, waves generated in shocks can carry energy gnd
momentum away from the shock region, and many more examples can be
cited. Also of great importance is the direct observation of the
electron plasma oscillations which are believed to give rise to Type III
radio noise bursts through non-linear effects.

The frequency range of this experiment, nominally 20 Hz to 200 kHz,
has been chosen to include most of the characteristic frequencies
for plasma waves in the solar wind (see Figures 1 and 2). The upper
frequency limit (200 kHz) is approximately the maximum electron plasma
frequency (fpe) expected and was chosen to provide some overlapping
frequency coverage with the radio astronomy experiment (50 kHz to 2

MHz). The lower frequency limit for the plasma waves experiment
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(20 Hz) is influenced by the spacecraft spin rate (1 rev/second).
Since strong electric field signals are expected at harmonics of the
spacecraft spin rate, due to the aéymmetrical photoelectron sheath
around the spacecraft, the lower frequency limit of this experiment
has been chosen to be well above the frequencies of the expected spin
;ate interference.

Past experience with radio noise data from the Alouette, 0GoO,
Injun, and IMP satellites has shown that it is very important to have
both electric and magnetic field measurements so that electromagnetic
and electrostatic waves can be distinguished. It is expected, there-
fore, that the AC electric field weasurements provided by this experi-
ment and the AC magnetic field measurements provided by Dr. Neubauer's
gsearch coil magnetometer experiment will provide complementary data

for the 1dentification and understanding of certain phenomena.



2.0 Technical Description of the Experiment

2.1 Electric Field Antenna

Figure 3 shows a sketch of the electric field/radio astronomy
antenna used on the HELIOS spacecraft. The antenna is an extendi-
ble cylindrical dipole 32 meters tip-to-tip; similar to the
antennas used on the Alouette, 0GO, IMP, and RAE satellites.

In order to reduce the capacity between the antenna and the
spacecraft photo-electron sheath to an acceptable value, an
insulating sleeve approximately 2.0 meters long is placed over
the antenna where the antenna passes through the spacecraft photo-
electron sheath region. The antenna diameter 1s as small as
possible (0.25 inch) in order to minimize the ratio of resistive-
to-capacitiye coupling to the surrounding plasma.

The electric field anfenna and associated erection mechanism
are provided by the spacecraft for this experiment. The antenna
erection mechanism is designed to minimize the antenna to erection
mechanism capacitance. This capacitance does not exceed approxi-
mately 30 pf in the extended configuration. Also, special con-
sideration has been given to electrostatically shielding the
entenna from spacecraft related interference, such as through the
erection motor, deployment length indicators, etec.

2.2 Electric Antenna Preamplifier

Fach element of the electric dipole is connected to three



preamplifiers which provide signals to the respective University
of Iowa, University of Minnesota, and GSFC experiments.
2.3 Main Electronics Ehckage-(Iowa)

A block diagram of the main experiment electronics is shown
in Figure 4. The main elements of the experiment electronics

consists of (1) a differential amplifier, (2) a l6-channel spectrum

analyzer, (3) an antenna potential monitor, (4) a shock alarm,

and (5) a power supply.

2.3.1 Differential Amplifier. The differential amplifier

provides AC signals proportional to-the potential difference
between the antenna elements. It provides a high order of
common mode rejection to reduce the response to interference
signals present on both antenna elements. The differential
amplifier is followed by a narrow band notch filter which
provides approximately 30 db of attenuation at frequencies
of 20 kHz, 40 kHz, and 60 kHz (harmonics of the power supply
frequency).

2.3.2 16-Channel Spectrum Anslyzer. The 16-channel spectrum

analyzer 1s the basic element of the University of Iowa
experiment. This analyzer is to provide relatively coarse
frequency coverage and rapid temporal resolution with essen-
tially continuous coverage of all frequencies (20 Hz to 200
kHz) and all times (using peak detectors). The nominal fre-
quency response of the various spectrum analyzer channels is

shown in Figure 5 and the corresponding center frequencies
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and bandwidths are given in Table 1. The lowest 8 frequency
channels ﬁse active filters spaced with four filters per
decade of frequency. Thé highest 8 frequency chanpels use
passive filters spaced with four filters per decade. The
detector and log compressor in each channel will rectify and
log compress signals from the filter and produce an output
proportional to the logarithm of the noise intemnsity in
each filtef channel. The log campressor output is used to
provide three outputs (1) a peak output (P), (2) an average
output (A), and (3) a short time constant output (S).
2.3.2.1 Peak Output (P). The peak output provides a
voltage (0-5 volts) proportional to the logarithm
of the peak signal since the preceding reading. The
peak detector is reset after readout by a signal from
the DPU (described in section 3).
2.3.2.2 Average Output (A). The average output
provides an RC average output with either (1) a time
constant T which depends on the bit rate and science .
format mode or (2) a forced short time constant, Tge
Which time constant is used is determined by the shock
alarm channel number. The forced short time constant
1s used whenever the shock alarm channel number is
odd, i.e., whenever Shock Alarm Bit O is "ON". Command
371 selects the forced short time constant Tq while

the reset command 006 selects the ncrmal time constant



T. The normal spectrum analyzer time constants T

aré listed in Table 2. The forced short time constants
Tg 8Te 1isted in fﬁble 1.

2.3.2.3 Short Time Constant Output (S). The short
time constant outputs provide short-time-constant
field strength voltages to the shock mode memory. One
channel of short time constant outputs is continuously
avallable in the science data and is labeled SN'

This channel is determined by the shock alarm channel
number. The output from this channel is sampled 16
times in one spacecraft revolution by the DPU and
stored for later readout. The time constants T for
the short;time-constant measurements are given in
Table 1 for the various frequency channels.

2.3.2.4, Shadow Blanking. The DPU provides a Shadow
Blanking Pulse to the experiment to open the input to
the 8 lowest frequency compressors for U sectors twice
per revolution to reduce the effects of the large
voltage pulses ggnerated as the antennas sweep through
the spacecraft shadow. Command 223 overrides this
shadow blanking. Reset command 006 allows shadow
blanking.

.

2.3.3 Antenna Potential Monitor. The average potential,

o? and the difference potential, V between

v
averag difference’

the antenna elements are measured with operational amplifiers
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in the main electronics package, The frequency range of the

vdiff measurement is from 0.2 to 10.0 Hz. The dynamic range
of the V measurement can be controlled by command to be

diff
either +8.0, +2.0, #0.5, or +0.125 volts. The dynamic range

of the V&v measurement is 120.00 volts. This data is needed

e
for a complete understandingaf the antenna operation in the
plasma surroundiné the spacecraft.

2.3.4 Shock Alarm.- A shock alarm signal is to be sent to
the spacecraft when the electric field experiment senses noise
associated with an interplanetary shock wave. The shock
alarm circuit will permit the selection of any one of the

16 spectrum analyzer channels, by command, for shock identi-
fication. The threshold field strength required to trigger
the shock alarm has 16 levels and is controlled by a U4 bit
binary counter. The shock threshold level is reset whenever
any shock channel command is received (bit 0, 1, 2, 3 or
reset). No information concerning satellite mode lines is
required for reset. After reset, the threshold is advanced
upward every time the threshold is exceeded, in each case

the new threshold level is set to the peak value of the elec-
tric field strength observed. This procedure, therefore,
results in the storage of the "best" event observed over the
shock search interval. This "shock level value E" is availa-
ble on two outputs. The first is a b bit parallel binary

word sent to the DPJ., The DPU sends this value and other
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data to the spacecraft as serial words. The "shock level
value E" is also sent directly to the spacecraft (through the
DPU plugs). This connection is a single analog voltage

line, 0 to 5.0 VDC with higher voltages representing higher
values of the shock. This line has a time constant of 0.10
gsecond. Inhibit lines from ESb and ESc prevent the threshold
from advancing while the E5b impedance measurement is on or
while ESc is calibrating.

2.3.5 Power Supply. The experiment power supply provides

regulated voltages of +6 volts and +12 volts to the experiment
electromics. The power sﬁpply operates at a frequency of

20 xHz and is synchronized by a 4O kHz synchronization

signal provided by the spacecraft. v

Summary of Weight, Power, Etec.

2.4.1 Weight.

2 Preamplifiers (Experiments 5a, 5b, 0.45 Kg
and 5c each assessed 0.15 kg)

Main Electronics Package (Experiment 2.kh Kg
5a only)

2.4.2 Power.

Main Electronics Package and 2 of the 2.6 watts
6 Preamplifiers.



3.0 Plasma Waves Data Processing Unit

3.1 General Description

The Data Processing Unit (DPU) for the Plasma Waves Experiment
is separate from the main experiment electronics and is provided
by GSFC through an industrial contractor. The purpose of the DPU
is to (1) provide interface connections between the experiment
and the spacecraft, (2) provide A/D conversion of all scientific
analog data, (3) provide buffer storagé, as necessary, to adapt
to the spacecraft data transmission format.
3.2 Data Format (Real Time Modes)

Experiment Sa has 50 analog (0-5 wvolt) outpﬁt lines which

must be sampled by the DPU. In Figure 4 these outputs are Pb,

For real time data transmission these outputs are to be sampled
in a basic data block consisting of 256 bits, broken down as

follows:

(1) 16 6-bit Peak Samples

(P ’ Pl_, seey, Pls) % bits
(2) 16 6-bvit Average Samples

(Ags Byy weey Al) % bits
(3) 8 8-vit Viiep OF Sy samples

(spin synchronized) 64 bits

BASIC DATA BLOCK SIZE 256 bits
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The 16 peak spectrum analyzer samples above are sampled
aimultaneously'to within 0.25 seconds. The 16 average spectrum
analyzer samples are also sampled simultaneously to within 0.25
gseconds, but these average samples are taken at a different time
than the peak samples. The peak and average sampling of a given
channel are equally spaced in time between successive data blocks.
The DFU A/D converts these samples and stores them in a buffer
storage for later transfer to the spacecraft telemetry. The DPU
also provides a signal to the experiment which resets the peak
detectors immediately after the 16 peak samples are obtained. The
16 Viipe OF Sy samples in (3) above occur at sixteen equally spaced
angles covering one complete spin. The spin synchroniz ed sampling
alternates between vdiff and SN in each 2 successive data blocks.
The Sy channel number 1s determined by the channel number of the
shock alarm circuit.

The time required to transmit each basic data block is
determined by the spacecraft bit rate and telemetry format. The
basic data block time and corresponding normal time constant T for
the average field strength measurements are given in Table 2 for
each spacecraft bit rate and telemetry format.

3.3 Data Format (Shock Mode)

Sampling of data for shock mode storage occurs concurrently
with the real time data sampling described in the previous section.
When a shock occurs data both before and after the shock are

stored in the spacecraft shock mode memory for later readout.
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Experiment 5a has 17 analog (0-5 volt) output lines which are
sampled by the DRU for the shock mode readout. In Figure 4 these
outputs are So, Sl’ vee, SlS’ and vbiff For the shock mode data
transfer these outputs are to be sampled in a basic data block
consisting of 128 bits, broken down as follows:

(1) 16 6-bit Short Time Constant Spectrum 96 bits
Analyzer Samples (SO, 17 cees slS)

(2) k4 8-vit vbiff Samples 32 bits
BASIC BLOCK SIZE 128 bits

The sampling rate for the 16 short time constant spectrum
analyzer samples is not critical except that all 16 channels must,
of course, be sampled within the time required to transmit each
basic data block. The Vb ;; samples are equally spaced in time,
both within a basic data block and between successive data blocks.
Spin synchronized sampling of Vblff is not used in the shock data
because the sampling rates obtained in the shock mode data are
sufficiently high to permit direct (real time) resolution of spin
effects.

The time to transmit each basic data block is determined
by the spacecraft bit rate and telemetry format. The approximate
data block times for the shock mode sampling are given in Table 2

for each shock mode bit rate. TO is the duration of shock mode

data stored in part C of the shock memory.
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L.0 ESa Commands

4.1 Command 006.

Cmd 006 resets all four bits of the Shock Alarm Channel

Number to level "0" and turns off the Shadow Blanking Override

Commeand.

4.2 Command 371

Cmd 371 sets Bit O of the Shock Alarm Channel Number to
level "1". The command also sets the average output of the
spectrum analyzers to the forced short time constant.

L.3 Command 027

Cmd 027 sets Bit 1 of the Shock Alarm Channel Number to

level "1",
L.t Command 350

Cmd 350 sets Bit 2 of the Shock Alarm Channel Number to
level "1",

4.5 Command 216

Cmd 216 sets Bit 3 of the Shock Alarm Channel Number to

level "1",

Each of the above five commands also resets the Shock Value E to
zero. Because the noise level amplitude in each channel is sufficient
to raise the Shock Value E one step above 2ero, the Shock Value E will
immediately jump at least one step abowe zero unless it is inhibited.

Thus these commands can be used to generate an artificial shock if ESa



is controlling the input to the shock memory (Cmd 275) and if ESa is
not being inhibited by E5b or E5¢ during their calibrations.

L.6 Command 161

Cmd 161 resets both V-Diff Gain bits to level "0".

4.7 Command 237

Cmd 237 sets V-Diff Gain Bit O to level "1".
4.8 Command 1LO
Cmd 140 sets V-Diff Gain Bit 1 to level "1".

V-Diff Gain = O is the least sensitive gain setting and covers the
range from -8 volts to +8 volts. The V-Diff output is linearly propor-
tional to the input but it has & DC offset such that O volts in-equals
2.56 volts out. Each higher gain step is four times more sensitive
than the gain step below it.

4.9 Command 223.

Cmd 223 removes the shadow blanking of the lowest eight

spectrum analyzer channels.
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5.0 Analog Housekeeping Data

5.1 Shock Value Level E (SHOC-E)

Channel BOLO

This channel is an analog voltage proportional to the logarithm
of the peak Iintensity measured by the selected shock channel
since reset.
5.2 Low Voltage Power Supply Monitor (LVPSM)

Channel C038

This channel is an analog voltage equal to 2/3 of the
regulated +6 volt power supply line in the experiment.
5.3 Antenna Average Potential (V-AVG)

Channel C039

This channel is an analog voltage linearly proportional to
the average antenna potential, but it has a DC offset such thmt O

volts in equals 2.50 volts out. It measures the antenna potential

from -20 volts to +20 volts.
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6.0 Digital Housekeeping Data

Channel B-009 (DSEDBL)

6.1 Bit 1 is Shock Alarm Channel Number Bit 3

6.2
6.3
6.4
6.5
6.6
6.7

Bit 2 is
Bit 3 is
Bit b is
Bit 5 is
Bit 6 is

Bit 7 is

or if the E5a

Shock Alarm Channel Number Bit_ 2

Shock Alarm Channel Number Bit 1

Shock Alarm Channel Number Bit O

V-Diff Gain Bit 1

V-Diff Gain Bit 0.

a logical "1" if the Shadow Blanking Override is on

shock alarm system is inhibited by ESb or ESc.



LI

I

{

19

7.0 Housekeeping Data in Format 6

The 5E word in Format 6 cbﬁfains_the binary representations of the
Shock Alarm Channel Number and the Shock Value E. The Shock Alarm
Channel Number is given by bits 0-3 of SE. Bit O of SE is equivalent
to Bit 3 of the Shock Alarm Channel MNumber. Bit 3 of S5E is equivalent
to Bit O of the Shock Alarm Channel Number. Bit 4 of SE is equivalent
to Bit 3 of the Binary representation of the Shock Value E. Bit 7 of

5E 1s equivalent to Bit O of the binary representation of the Shock

Value E.



8.0 Thermistor Locations

8.1 ESa Box

The thermistor in the ESa experiment box is located approxi-
mately in the middle of the box on the shock alarm board.
8.2 ES5 Preamps

The thermistors in the preamps are attached to the walls of

the connector compartments.



21

mee [

[

TABLE 1
Filter Center Bandwidth Type of Short
Number Freaguency Filter Time Constant
o] 31.1 Hz +19% Active 0.2 sec.
1 56.2 +19% Active 0.1 sec.
2 100.0 +19% Active 0.05 sec.
3 178.0 +19% Active 0.05 sec.
4 311 ':19% Active 0.05 sec.
5 562 +19% Active 0.05 sec.
6 1.0 kHz +19% Active 0.05 sec.
7 1.78 +19% Active 0.05 sec.
8 3.11 +11% Passive (UTC) 0.05 sec.
9 - 5.62 +11% Passive (UTC) 0.05 sec.
10 10.0 +11% Passive (UTC) 0.05 sec.
11 17.8 +11% Passive (UTC) 0.05 sec.
12 31.1 +11% Passive (UTC) 0.05 sec.
13 56 .2 +11% Passive (UTC) 0.05 sec.
1L 100.0 +11% Passive (UTC) 0.05 sec.
15 178.0 +11% Passive (UTC) 0.05 sec.
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~ The University of lowa HELIOS Solar Wind Plasma Wave
Experiment (E 5a)

Donald A. GURNETT, Roger R. ANDERSON and Daniel L. ODEM, University of lowa**/USA

This document describes the University of lowa solar wind plasma wave experiment for the HELIOS mis-
sions (Experiment 5a). The objective of this experiment is the investigation of naturaily occurring plasma
instabilities and electromagnetic waves in the solar wind. To carry out this investigation, the experiment
consists primarily of a 16-channel spectrum analyzer connected to the electric field antennas. The spec-
trum analyzer covers the frequency range from 20 Hz to 200 kHz and has an amplitude dynamic range which
extends from + 3 pV/m to 30 mV/m per channel. This spectrum analyzer, the antenna potential measure-
ments, the shock alarm system and the supporting electronics are discussed in detail.

Dieser Bericht beschreibt das Sclarwind-Plasmawellen-Experiment der Universitdt iowa fGr dle HELIOS-
Mission (Experiment 5a). Aufgabe dleses Experimentes ist die Untersuchung der auftretenden Plasma-
Instabilitdten und der elektromagnetischen Wellen im Solaren Wind. Um diese Messungen durchfihren
Zu kdnnen, besteht das Experiment hauptséchlich aus einem Spektral-Analysator mit 16 Kandlen, der mit
den Antennen zur Messung des elektrischen Feldes verbunden ist. Der Spektral-Analysator deckt einen
Frequenzbereich von 20 Hz bis 200 kHz ab und hat elne Amplitudenweite von 0,3 uV/m bis 30 mV/m pro
Kanal. Der Spektral-Analysator, die Messungen des Antennenpotentials, das StoBwellen-Alarmsystem und

die dazugehdrige Elektronik werden im Detail diskutiert.

1. SCIENTIFIC OBJECTIVES

The University of lowa solar wind plasma wave experiment
for the HEL!OS missions has been jointly planned with the
University of Minnesota [P. Kellogg] and GSFC [R. Weber
and R. Stone] so that the combined experiments provide
complementary measurements.

The objective of this experiment is the investigation of na-
turally occurring plasma instabilities and electromagnetic
waves in the solar wind. in the solar wind a wide variety of
electromagnetic and electrostatic wave phenomena can
be expected in the frequency range from a few tens of Hz
to several hundred kHz. These phenomena may inciude
Type I radio noise bursts and associated longitudinal
electrostatic waves down to the solar wind plasma fre-
quency (from about 20 kHz at 1 AU to 100 kHz at 0.3 AU),
intense (30 mV/m) electrostatic waves of the type observed
by Scarf et al. [1] with the Pioneer 8 spacecraft, electro-
static waves associated with interplanetary shock waves
and solar particle emissions, and whistler-mode instabili-
ties related to anisotropic solar wind electron distributions
(T/T, > 1). Figure1 summarizes the frequency range and
characteristics of various plasma wave phenomena which
could be expected in the solar wind and FIG. 2 illustrates
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FIG. 1: Frequency range and characleristics of various
plasma wave phenomena which could be sxpected
In the solar wind

* This experiment was supported by NASA Coniract NASS5-11279.
** Department of Physics and Astronomy. The University of lowa,
lowa Clty, lowa 52242 USA.
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the expected radial variation of the solar wind electron
plasma frequency, ion plasma frequency, electron gyrofre-
quency, and lower-hybrid resonance frequency from the
Earth to 0.3 AU.

Wave-particle interactions can lead to many important ef-
fects in the solar wind. Of particular interest on this mission
is the investigation of instabilities which make the solar
wind behave like a fluid. If the solar wind had no collec-
tive effects, the ratio Tyy/T; for the protons would be 100 to
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1 or more at the Earth, contrary to observation. It is gene-
raily believed that a piasma instability, possibly the whistler-
mode, alters the proton pitch angle distribution. Because
of the large radiai variation in the solar wind properties
(density, magnetic tield, Ti/T , etc.) from the Earth to 0.3
AU, the stability criteria and wave phenomena occuring in
the solar wind at 0.3 AU may be quite different compared
to near the Earth. The spatial distribution of instabilities
may influence the propagation of solar and galactic cosmic
rays, slowing down times for super thermal particles can
be drastically modified, waves generated in shocks can
carry energy and momentum away from the shock region,
and many more examples can be cited. Also of great im-
portance is the direct observation of the electron plasma
oscillations which are believed to give rise to Type Il radio
noise bursts through non-linear effects.

The frequency range of this experiment, nominally 20 Hz
to 200 kHz, has been chosen to include most of the charac-
teristic frequencies for plasma waves in the solar wind (see
FiGs. 1 and 2). The upper frequency limit (200 kHz) is ap-
proximately the maximum electron plasma frequency (fg.)
expected and was chosen to provide some overiapping
frequency coverage with the radio astronomy experiment
(26 kHz to 3 MHz). The lower frequency limit for the plasma
waves experiment (20 Hz) is influenced by the spacecraft
spin rate (1 rev/second). Since strong electric field signais
are expected at harmonics of the spacecraft spin rate, due
to the asymmetrical photoelectron sheath around the space-
craft, the lower frequency limit of this experiment has been
chosen to be well above the frequencies of the expected
spin rate interference.

2. TECHNICAL DESCRIPTION OF THE EXPERIMENT

2.1 Electric Fleld Antenna

.

FIG. 3 shows a sketch of the electric field/radio astronomy
antenna used on the HELIOS spacecraft. The antenna is an
extendible cylindrical dipole 32 meters tip-to-tip, similar to
the antennas used on the Alouette, OGO, IMP, and RAE

satellites. In order to reduce the capacity between the an-

tenna and the spacecraft photo-electron sheath to an ac-
ceptable value, an insulating sleeve approximately 2.0 me-
ters long is placed over the antenna where the antenna pas-
ses through the spacecraft photoelectron sheath region.
The antenna diameter is as small as possible (0.635 ¢m) in
order to minimize the ratio of resistive-to-capacitive coup-
ling to the surrounding plasma.

The electric field antenna and associated erection me-
chanism are provided by the spacecraft for this experiment.
The antenna erection mechanism is designed to minimize
the antenna to erection mechanism capacitance. This capa-
citance does not exceed approximately 30 pf in the ex-
tended configuration. Also, special consideration has been
given to electrostatically shielding the antenna from space-
craft related interference, such as through the erection mo-
tor, deployment length indicators, etc.

FIG. 3:

2.2 Electric Antenna Preampiifier

Each element of the electric dipole is connected to three
preamplifiers which provide signals to the respective Uni-
versity of lowa, University of Minnesota, and GSFC experi-
ments.

2.3 Main Electronics Package

A block diagram of the main experiment electronics is
shown in FIG. 4. The main elements of the experiment
electronics consist of (1) a differentiai amplifier, (2) a 16-
channel spectrum analyzer, (3) an antenna potential moni-
tor, (4) a shock alarm, and (5) a power supply.

The differential amplitier provides AC signals proportional
to the potential difference between the antenna elements.
it provides a high order of common mode rejection to re-
duce the response to interference signals present on both
antenna elements. The differential amplifier is followed by
a narrow band notch filter which provides approximately 30
db of attenuation at frequencies of 20 kHz, 40 kHz, and
60 kHz {harmonics of the power supply frequency).

The 16-channel spectrum analyzer is the basic element of
the University of lowa experiment. This analyzer is to pro-
vide relatively coarse frequency coverage and rapid tem-
poral resolution with essentially continuous coverage of all
frequencies (20 Hz to 200 kHz) and all times (using peak
detectors). The nominal frequency response of the various
spectrum analyzer channels is shown in FiG. 5. The lowest 8
frequency channels use active filters spaced with four fil-
ters per decade of frequency. The highest 8 frequency chan-
nels use passive filters spaced with four filters per decade.
The detector and log compressor in each channel will rec-
tify and log compress signais from the filter and produce an
output proportional to the logarithm of the noise intensity
in each filter channel. The dynamic range of the compres-
sors extends from 10 uV to 1 V rms. The log compressor
output is used to provide three outputs: (1) a peak output
(P), (2) an average output {A), and (3) a short time constant
output (S).

The peak output provides a voltage {0-S volts) proportional
to the logarithm of the peak signal since the preceding
reading. The peak detector is reset after readout by a signal
from the Data Processing Unit (DPU).

The average output provides an RC average output with
either (1) a time constant 1 which depends on the bit rate
and science format mode or (2) a forced short time con-
stant, t,. Which time constant is used is determined by the
shock alarm channei number. )

The short time constant outputs provide short-time-con-
stant field strength voltages to the shock mode memory.
One channel of short time constant outputs is continuously
available in the science data. This channel is determined by
the shock alarm channel number. The output from this
channel is sampled 16 times in one spacecraft revolution by
the DPU and stored for later readout.

The DPU provides a Shadow Blanking Pulse to the expe-
riment to open the input to the 8 lowest frequency com-
pressors for 4 sectors twice per revoiution to reduce the

16.0m
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effects of the large voltage pulses generated as the anten-

nas sweep through the spacecraft shadow. This blanking
pulse can be eliminated by command.

The average potential, Vevy and the difference potential,
V4in, between the antenna elements are measured with ope-
rational amplifiers in the main electronics package. The fre-
quency range of the Vqi# measurement is from 0.2 to 10.0
Hz. The dynamic range of the Vg measurement can be
controlled by command to be either * 8.0, + 20, %05,
or + 0.125 volts. The dynamic range of the Vayg measure-
ment is * 20.00 voits. These data are needed for a com-
plete understanding of the antenna operation in the plasma
surrounding the spacecraft.

A shock alarm signal is to be sent to the spacecraft when
the electric field experiment senses noise associated with
an interplanetary shock wave. The shock alarm circuit will
permit the selection of any one of the 16 spectrum analy-
zer channels, by command, for shock identification. The
threshold field strength required to trigger the shock alarm
has 16 levels and is controlled by a 4 bit binary counter.
The shock threshold level is reset whenever any shock
channel command is received. After reset, the threshoid is
advanced upward every time the threshold is exceeded,
in each case the new threshold level is set to the peak vaiue
of the electric field strength observed. This procedure,
therefore, results in the storage of the “best” event ob-
served over the shock search interval.

The experiment power supply provides regulated voltages

of + 6 voits and * 12 volts to the experiment electronics.
The power supply operates at a frequency of 20 kHz and is
sygchronized by a 40 kHz synchronization signal provided
by the spacecraft.

2.4 Data Processing Unit
The Data Processing Unit (DPU) for the Plasma Waves
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FIG. 5: Frequency response curves for the 16 spectrum ana-
lyzer channeis

Experiment is separate ‘from the main experiment electro-
nics and is provided by GSFC through an industrial con-
tractor. The purpose of the DPU is to (1) provide interface
connections between the experiment and the spacecraft,
(2) provide A/D conversion of all scientific analog data,
(3) provide buffer storage, as necessary, to adapt to the
spacecraft data transmission format.

REFERENCE:
{1] SCARF, F. L., G. M. CROOK, {. M. GREEN and P. F. VIROBIK:

Initial rasults of the Pioneer B VLF electric field experiment, J. Geo-
phys. Reas., 73, 6665, 1968.

ORIGINAL PAGE IS

OF POOR QUALITY 2¥



Repsinted from

10 December 1976,volume 194 ,pages 1159-1162

SCIENCE

Electron Plasma Oscillations Associated with

Type 11 Radio Bursts

Abstract. Plasma wave electric field measurements with the solar orbiting Helios
spacecraft have shown that intense (approximately 10 millivolts per meter) electron
plasma oscillations occur in association with type 11l solar radio bursts. These obser-
vations confirm the basic mechanism, proposed in 1958. that 1vpe Il radio emissions
are produced by intense electron plasma oscillations excited in the solor corona by

electrons ejected from a solar flare.

Plasma wave electric field instruments
on the German-American Helios 1 and
Helios 2 spacecraft. in orbit around the
sun, have detected intense electron
plasma oscillations in association with
type I solar radio bursts. These obser-
vations confirm a well-known mecha-
nism, proposed by Ginzburg and Zhe-
leznyakov (1) in 1958, for the generation
of these radio emissions. In this report
we briefly describe the essential features

of the plasma oscillation mechanism for
generating type 11 radio bursts and pre-
sent the recent Helios resuits. which
show the occurrence of intense electron
plasma oscillations in assogciation with
type Il radio bursts.

Type 1 radio bursts are produced by
particles ejected from a solar flare and
areé characterized by an emission fre-
quency which decreases with increasing
time. These radio bursts are observed



over a very broad frequency range. from
as high as several hundred megahertz to
as low as 10 khz. The characternistic fre-
quency variation of type 111 radio bursts
was explained by Wild 2) in 1950, who

proposed that the radio emissions are
generated at a local oscillation frequency
of plasma in the solar corona called the
electron plasma frequency: f, = 9nb
(khz), where a is the electron density
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Fig. I. Radial vaniation of the electron plasma frequency. f,”. between the sun and the earth.
Type 111 solar radio bursts are believed (o be generated by a two-step process in which (i) local-
ized electron plasma oscillations at f,~ are produced by solar flare electrons sireaming outward
from the sun. and (ii) these plasma oscillations are converted to escaping electromagnetic radia-
tion by nonlinear wave-wave interactions. The characteristic frequency variation of the type 111
burst is caused by the decreasing plasma frequency encountered by the solar flare electrons as
they move away from the sun. Abbreviations: v, electron velocity; ¢. speed of light.
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Fig. 2. Example of the intense electron plasma detected by Helios 2 in association with a type
I solar radio burst. Note the characteristic increasing onset time of the type 111 burst with
decreasing frequency and the narrow bandwidth of the electron plasma oscillations in the 56.2-
khz channel. The electron plasma frequency determined by the solar-wind plasma experiment
on Helios is f,~ = 54 khz, which is very close 1o the observed frequency of the electron plasma
oscillations. The solid lines give the peak electric field intensities. and the solid black area in-
dicates the average intensities.

tcm M. The decreasing emission fre-
quency with increasing ime 1s attnbuted
10 the decreasing electron density, hence
plasma frequency. encountered by the
solar flare particles as they move out-
ward through the solar corona and solar
wind. Measurements with satellite-bormne
instruments have shown that the parti-
cles responsible for the type Il radio
emissions are electrons with energies
ranging from a few kiloelectron voits lo
several tens of kiloelectron volts (3).
According to the mechanism proposed
by Ginzburg and Zheleznyakov, and
subsequently refined and modified by
other investigators (4, 5), the generation
of type 11l radio emissions is a two-step
process in which (i) electrostatic plasma
oscillations are first produced at the local

“electron plasma frequency by a two-

stream instability excited by the solar
flare electrons. and (ii) the plasma oscilla-
tions are converted to electromagnetic
radiation by nonlinear wave-wave inter-
actions. This mechanism is illustrated
schematically in Fig. 1. which shows a
model for the radial variation of the elec-
tron plasma frequency from the sun to
the earth. According to current ideas.
the electrostatic energy of the plasma os-
cillations is transformed into electro-
magnetic radiation at either the funda-
mental (f,7) or the harmonic (2f,7) of the
local electron plasma frequency. The ra-
diation at the fundamental is caused by
interactions of the plasma oscillations
with ion sound waves, and the radiation
at the second harmonic is caused by in-
teractions between oppositely propagat-
ing electron plasma oscillations. Radia-
tion at both the fundamental and the har-
monic has been detected, although at
low frequencies (< 1 Mhz) the harmonic
radiation appears to be the dominant
component 6).

Since the electron plasma oscillations
are local phenomena and cannot be de-
tected remotely, in situ measurements
must be obtained in the solar corona or
solar wind to confirm the occurrence of
these oscillations in association with
type 111 bursts. Rough estimales, using
the theoretical model of Papadopoulos er
al. (5), indicate that plasma oscillations
with field strengths of about 10 mv m™!
or larger are required to explain the pow-
er flux of a typical type 1l radio burst at
low frequencies (7). Although it should
be possible to detect such plasma oscilla-
tions in the solar wind with earth-orbit-
ing satellites, considerable diffiguity has
been experienced in obtaining con-
firming observations. After nearly 4
years of measurements with the earth-or-
biting IMP 6 and IMP 8 satellites, no elec-



-~ ‘ron plasma oscillations with intensities
“his large have been found in association
with a type 111 radio burst (7). This difh-
-~ :ulty can be attributed to two factors.
. First, since the plasma oscillations occur
“only in the source, whereas the type 1]
-adiation propagates over large dis-
ances, electron plasma oscillations are
__rxpected to be detected for only a small
fraction of the observable type ill radio
" sursts. If the source region is very small
~ or filamentary, as appears to be the case,
" then it is very improbable that the space-
craft will be suitably located within the
_ beam of electrons ejected by the flare to
Jdetect the plasma oscillations. Second,
"and probably more important, for satel-
__lite observations near the earth it is very
" difficult to distinguish plasma oscillations
"~ generated by electrons from a solar flare
from similar plasma oscillations (3) gen-
- erated in the vicinity of the earth by elec-
trons emitted from the earth’s bow
‘—shock. The noisy and very disturbed
" plasma environment near the earth
- makes it very difficult to identify the
plasma oscillations expected in associa-
" tion with a type 11 radio burst.
The solar orbiting Helios | and Helios
2 spacecraft provided the first opportu-
nity to obtain simultaneous measure-
ments of plasma waves and radio emis-
_ sions away from the disturbing effects of
the earth and in the region close to the
—sun, where the solar radio bursts are
" most intense. These spacecraft were
launched on 10 December 1974 and 15
" January 1976 into eccentric orbits near
“the ecliptic plane with perihelion radial
distances of 0.309 and 0.290 A.U., ap-
_ proaching closer to the sun than any pre-
—vious spacecraft. The plasma wave and
radio astronomy instrumentation on the
. Helios spacecraft consists of a 32-m
electric dipole antenna and a com-
—bination of frequency spectrum analyz-
ers provided by the University of lowa,
_ the University of Minnesota, and God-
- dard Space Flight Center. A more de-
" tailed description of this instrumentation
is provided by Gurnett and Anderson (9).
During the first 18 months after the
_-launch of Helios |, a total of 24 type I11
radio bursts was detected by the two
Helios spacecraft. Of these, three events
have been found with unusually intense
- electron plasma oscillations, which are
almost certainly associated with the type
[11 radio emission. The basic parameters
__for these events are summarized in Table
~ 1. All three of these events were de-
tected by Helios 2 within a single 24-hour
~ interval from 31 March to 1 Apnl 1976,
__during a period of exceptional solar flare
activity which lasted from 23 March to 2

Table |. Type {1l radio bursts associated with intense electron plasma oscallstions detected by
Helios | and Helios 2 spacecraft. The values in the last column are the plasma oscillation field
strengths required to account for the observed radio emission intensilies: they were computed
by using the theory of Papadopoulos e al. (5) witha = 0.1, 2 = 36 electron/ca’, T, = 10 ev,
and R = 0.44 A.U. [see (N for details of these calculations).

Type 1] burst Electric fleid
" - strength of
ntensity at A plasma oscillations
Date - ¥, ~ 100khz (khz) (v m-")
U.T.
(1976) {wattm™?
hertz™") Observed Calculated

31 March 1810 1.18 x 10" 8 14.8 6.01
1 April 0620 2.59 x 10 54 5.26 7.37
1 April 1038 8.17 x 1077 % 2,35 L X 7]

April 1976. At the time of these events
Helios 2 was at a radial distance of about
0.45 A.U. from the sun and in a position
which placed the spacecraft within, or
very near, the source region of the type
11 radio emission.

The detailed electric field intensities
for one of these events are shown in Fig.
2. The type Il radio emission can be
clearly seen in the 178- and 100-khz chan-
nels and is just barely detectable in the
£6.2-khz channel. The smooth intensity
variation and the increase of onset time
with decreasing frequency provide a
unique identification of this event as a
type III radio burst. Starting at about
0655 U.T.., and lasting to about 0720
U.T., a series of intense bursts of elec-
tric field noise is evident in the 56.2-khz
channel. These bursts are very intense,
reaching a peak electric field strength of
5.26 mv m~". This intensity is almost 60
db greater than the comresponding in-
tensity of the type Il radio emission in
this channel. Compansons with the solar
wind plasma density measurements from
Helios (10) show that the center fre-
quency of these bursts, ~ 56.2 khz, is
very close to the local electron plasma
frequency. f,- = 54 khz. The bandwidth
of these bursts is evidently very narrow,
since the corresponding weak bursts in
the adjacent 31.1- and 100-khz channels
can be completely attributed to the fre-
quency response of the spectrum ana-
lyzer filters, assuming a nearly mono-
chromatic emission at f,~ = 34 khz. The
narrow bandwidth of the bursts and the
close agreement of the emission fre-
quency with the local electron plasma
frequency provide convincing evidence
that this electric field noise consists of
electron plasma oscillations. The very
close temporal correspondence between
the occurrence of these plasma oscilla-
tions and the occurrence of the type II1
radio burst leaves essentially no doubt
that the plasma oscillations are associat-
ed with the type Il emission. A qualita-

tively similar relationship is also ob-
served for the remaining two events.

The peak electric field strengths of the
three intense plasma oscillation events
detected by Helios and the comrespond-
ing type 111 radio emission intensities at
2f,~ = 100 khz are summarized in Table
1. For comparison, the computed plasma
oscillation field strengths required to ac-
count for the observed radio emission in-
tensities are also shown in Table 1.
These electric field intensities have been
calculated by using the theoretical modei
of Papadopoulos e al. (5) for the con-
version of the plasma oscillation energy
to electromagnetic radiation. Further de-
tails of the assumptions used in these cal-
culations are given by Gumett and Frank
(7). As can be seen from Table 1, the ob-
served plasma oscillation field strengths
are in excellent quantitative agreement
with the field strengths required by the
theory.

The Helios observations have pro-
vided a firm confirmation that the basic
plasma oscillation mechanism proposed
by Ginzburg and Zheleznyakov is in-
volved in the generation of type 111 radio
emissions. However, many important
questions still remain. Since intense
plasma oscillations of the type detected
by Helios are rarely observed compared
to the number of type I1I radio bursts de-
tected at the earth (7), it is generally con-
cluded that the spatial distnbution of
plasma oscillations must be highly in-
homogeneous, with the intense plasma
oscillations confined to small isolated re-
gions. Since the power radiated by the
plasma oscillations is a very strong func-
tion (fourth power) of the electric field
strength, the fraction of the total volume
containing plasma oscillations could be
quite small, < 1 percent, with only a
moderate increase in the required field
strengths. For each of the three cases de-
tected by Helios the plasma oscillations
are extremely impulsive, consisting of
many short bursts lasting for only a few



seconds or less. These impulsive vana-
tions are clearly indicated by the large ra-
tio of the peak to average field sirengths
evident in Fig. 2. The highly inhomo-
geneous structure indicated by these van-
ations was not contemplated in the
original mode! of Ginzburg and Zhe-
leznyakov, which only dealt with the lin-
ear growth of the plasma oscillations,
and has been studied only recently (5) in
relation to the large-amplitude nonlinear
evolution of the two-stream instability.
Considerable further investigation. both
theoretical and experimental. is still re-
quired to fully understand the spatial
structure of these intense plasma oscilla-
tions and the implications with regard to
the generation of radio emissions by the
sun and other cosmic radio sources.
DONALD A. GURNETT
ROGER R. ANDERSON
Department of Physics und Astronomy,
University of lowa, lIowa City 52242
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Plasma Wave Electric Fields in the Solar Wind:
Initial Results From Helios |
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Max-Planch-Institut fir extraterrestrische Physik, 81046 Garching, Wesi Germany

ROGER R. ANDERSON

Department of Physics and Astronomy. Unicersity of lowa. lowa City, lowa 52240

Plasma wave measurements provided by Helios | show that the clectric field intensities in the solar wind
are usually very low, much lower than those for comparable measurements near the earth, where particles
moving upstream from the bow shock often cause large disturbances in the solar wind. The most
commonly occurring plasma wave detected by Helios is a sporadic emission at frequencies from about 1
to 10 kHz. between the clectron and ion plasma frequencies. These waves are thought to be ion sound
waves which are Doppler-shifted upward in frequency from below the ion plasma frequency. The
mutximum electric field intensity of these waves is a few hundred microvolts per meter. At higher
frequencies. from about 20 to 100 kHz. electron plasma oscillations are detected at frequencies near the
locai electron plasma frequency. These electron plasma oscillations are more intense. with field strengths
sometimes as large as a few millivolts per meter. but occur very infrequentiy. Both the ion sound waves
and the electron plasma oscillations show a tendency 1o octur at higher frequencies closer to the sun but
no pronounced variation in intensity with radial distance from the sun. In four cases. electron plasma
oscilfations have been found in association with type 111 radio bursts.

t FBRU \RY !

9

INTRODUCTION

In this paper we survey and analyze the electric field mea-

surements obtained from the University of lowa plasma wave
experiment on the Helios | spacecraft. Helios 1. which was
ltaunched on December 10, 1974, is in an eccentric solar orbit
néar the ecliptic plane with initial perihelion and aphelion
radial distances of 0.309 and 0.985 AU. respectively. The
University of lowa plasma wave experiment on Helios | pro-
vides measurements of electric field intensities in the frequency
range from 31 Hz to 178 kHz. This frequency range includes
most of the characteristic frequencies of the plasma (the elec-
tron plasma frequency f,~. the ion plasma frequency f,”. and
the electron gyrofrequency [,~) expected in the solar wind
from 0.3 1o 1.0 AU. The data obtained from this experiment
provide the first observations of plasma waves in the region
close to the sun (R = 0.3 AU) and measurements with greatly
improved sensitivity and {requency range in comparison 1o
any previous solar wind plasma wave investigations performed
at 1.0AU.

Plasma waves play a crucial role in most. if not all, plasma
interactions which take place in low-density collisionless
plasmas. When the mean free path of the particles becomes
much larger than the basic scale length of the system. as occurs
in the solar wind and the earth’s magnetosphere. collisions can
no longer provide the mechanism for energy and momentum
exchange between the particles. As the system evolves. devia-
tions from thermal equilibrium occur which produce unstable
particle distributions. In the region of instability, waves de-
velop which grow to such large amplitudes that they directly
affect the distribution function of the interacting particles.
These wave-particle interactions usually tend to drive the dis-
tribution function toward thermal equilibrium, the waves
plaving a role similar 1o collisions in an ordinary fluid.

Permanent address. Department of Physics and Astronomy. Uni-
versity of Towa. fowua Cinn, fowa 32242
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In the early solar wind models of Parker [1958] it wus
realized that microscopic collisionless interactions must be
present to account for the fluidlike properties of the solar
wind. The importance of these collisionless interactions was
later confirmed in more detail by the two-fluid calculations of
Hartle and Swurrock [1968]. which showed that the solar wind
prolons must be heated somewhere inside 1 AU to account for
the observed proton temperature and velocity at the earth
Because of the low collision frequency in the solar wind thi
heating must involve wave-particle interactions. Over the past
10 vears. numerous theoretical studies have been performed to
try to identify the most important and relevant plasma wave
instabilities which occur in the solar wind. See. for example.
the recent review by Hollweg [1975). Most of these studies
have concentrated on various types of low-frequency hiydro-
magnetic (Alfvén) waves and instabilities which occur at fre-
quencies below the ion gyrofrequency. The properties of these
low-frequency hvdromagnetic waves have now been exten-
sively studied by using satellite-borne magnetometers on in-
terplanetary spacecraft (see. for example. Coleman [1966].
Beicher and Dacis [1971]. and Burlaga [1971]). At higher
{requencies. in the range appropriate for comparison with the
Helios plasma wave measuremenis. several types of elec-
trostatic and clectromagnetic instabilities have been suggested
which mav play an important role in controlling the mucro-
scopic structure of the solar wind. Fredricks [1969] suggesied
that electrostatic ion sound waves, driven by currents at dis-
continuities in the solar wind, could heat the protons in the
solar wind by resonant interactions. Substantial proton heul-
ing by waves of this type is only expected at radial distances of
less than about 0.3 AU. Forslund [1970] considered the pox-
sible tvpes of two-stream instabilities which could occur be-
cause of the skewing of the electron distribution funcuon
caused by heal conduction in the solar wind. Four types of
mnstabilities were found which could be driven by electron heat
conduction' electromagnetic ion cyclotron. electrostatic 1o
cyclotron. magnetoacoustic, and ion acoustic. Any of thesw
modes couid 1n principie be unstable in the solurwind at AL
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Schul: and Eciatar [1972] and Hollweg {1975] have suggested
that these heat conduction driven instabilities may sigmfi-
cantly lower the heat conduction in the solar wind. with corre-
sponding modifications of the radial temperature gradient.
When streams of energetic electrons are ¢jected into the solar
wind by a solar flare. electron plasma oscillations are expected
to be produced by two-stream instabilities at frequencies near
the electron plasma frequency. Electron plasma oscillations
have received extensive theoretical study because of their pre-
sumed relationship to solar radio emissions. particularly 1ype

111 solar radio bursts [Ginzburg and Zheleznyakoc, 1958. Stur-

rock. 1961: Tidman et al.. 1966 Smith, 1974]. These waves are
thought to play an important role in controlling the energy
spectrum and temporal evolution of the energetic 1- to
100-keV solar flare electrons [Papadopoulos et al., 1974].
Although plasma waves are thought to be of considerable
importance in the solar wind. relatively little is known about
the types of waves which occur in the solar wind at frequencies
above the ion gyrofrequency. Near the earth many measure-
ments of plasma wave electric and magnetic fields have been
made in the solar wind with sensitive and reliable instruments.
However, in the absence of interplanetary shocks or other
large-scale disturbances the proper identification of the waves

intrinsic to the solar wind from measurements near the earth is_

greatly complicated by the disturbing effects of particles arriv-
ing from the earth’s bow shock and magnetosphere. By very
carefu} investigation of the particle distribution functions 1o
determine the origin of the particles producing an instability. it

is possible 1o identify waves intrinsic to the solar wind. An

example of an investigation of this type is given by Gurnett and
Frank [1975]. in which electron plasma oscillations associated
with electrons from a solar flare are identified by the Imp 8
spacecraft near the carth. Because of the difficulty of separa-
ting out the effects caused by the earth’s interaction with the
solar wind, few measurements of this type have been made
near the earth.

In interplanetary space, far away from the disturbing effects
of the earth. the only previous measurements of high-{re-
quency plasma waves (f >> [, ) are from the Pioneer 8 and 9
spacecraft [Scarf et al., 1968: Scarf and Siscoe. 1971}). which
provided electric ficld measurements in the solar wind at radial
distances between about 0.75 and 1.0 AU. Since the Pioneer 8
and 9 electric field experiments were relatively insensitive (they

HIGH GAIN

ANTENNA \

used 4 short telemetrs untenna as an electric tield sensory only
the most intense plusma waves could be detected. The princi-
pal results of the Pioneer 8 and 9 plasma wave experniments
were the occasional detection of strong low-frequency (f = 400
H2z) electric field turbulence in the solar wind. Several different
types of turbulence were identified depending on the detailed
temporal variations and correlations with other parameters.
Short-duration ‘spikes’ in the electric field intensity at ~400
Hz tended to occur at discontinuities in the magnetic field or
plasma parameters (such as at interplanetary shocks) and were
closely ussociated with the occurrence of sudden com-
mencements and geomagnetic disturbances at the earth {Siscoe
et al.. 1971). Detailed studies of the electric field intensities
during selected storm periods showed a significant variation in
the broadband electric field intensity with radial distance from
the sun. with maximum broadband intensities of nearly 530 mV
m ' (equivalent 100-Hz sine wuve response) at 0.75 AU {Scar/
et al.. 1973]. Longer-duration events. sometimes lasting for
one to several days, were also occasionally observed in the
broadband electric field measurements with amplitudes of
typically 1-10 mV m"*' in the 400-Hz channel [Siscoe e al..
1971]. These long-duration events were found to be correlated
with regions of enhunced density. such as occur ahead of
high-speed streams. Near the ecarth. clectron plasma os-
cillations associated with the earth’s bow shock were detected
by Pioneer 8 and 9 [Scarf et al., 1968]. however. comparable
plasma oscillations were not observed in interplanetary space
away from the effects of the earth [Scarf et al., 1972].

As will be shown, the plasma wave electric field measure-

‘ments provided by Helios | add considerably to the Pioncer 8

and 9 results by providing measurements over a wider range of
frequencies and radial distances and with considerably better
sensitivity. For most of the types of waves detected by Helios |
the electric field intensities are below the sensitivity threshoid
of the Pioneer 8 and 9 instruments, so no direct comparisons
can be made. Waves with intensities comparable to the intense
low-frequency spikes and long-duration events observed by
Pioneer 8 and 9 have not yet been detected by Helios 1.

INSTRUMENT DESCRIPTION

The plasma wave and radio astronomy experiment of Helios
{ consists of a combination of three instruments: a 16-channel
spectrum analyzer from the University of lowa to provide high

e MEDIUM AN
ANTENNA

Fig. 1. The geometry of the electric Held antenna used for the Helios plasma wave meusurements. The spacecraft s spin-
stabilized with the medium gain telemetry untennu axis orented perpendiculur to the echipue plane.
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Fig. 2. A hlock diugrom of the University of lowa plusma wave expeniment on Helios. The shock alarm i used to iniLate o
very rapid sampling rate mode using the spacecraft memory

time resolution plasma wave measurements in the frequency
range from 31 Hz to 178 kHz. a narrow bandwidth spectrum
analyzer with 168 frequency steps from the University of Min-
nesota to provide high frequency resolution plasma wave méa-
surements in the frequency range from 10.4 Hz to 209 kHz.
and a 16-channel radiometer from Goddard Space Flight Cen-
ter to provide solar radio wave measurements in the frequency
range from 26.5 kHz to 3.0 MHz. Onliy results from the
University of lowu instrument are presented in this paper. All
three instruments sharc a single electric dipole antenna with
a nominal tip-to-tip length of 32 m. which is extended outward
perpendicular to the spacecraft spin axis. as is shown in Figure
1. The spacecraft spin axis is oriented perpendicular 1o the
ecliptic plane. and the nominal spin rate is 1.0 rps.

A block diagram of the Umversity of lowa plasma wave
instrument is shown in Figure 2. This instrument consists of 16
continuously active receiver channels with four frequency
chunnels per decade. The bandwidth of these channels is relu-
tively wide, =10% for the channels from 3! Hz to 1.78 kHz
and z8% for the channels from 3.11 10 178 kHz. The fre-
quency passbands overlap to provide essentially continuous
coverage of all frequencies from about 20 Hz to 200 kHz. The
signal from each filter channe! is processed by a logarithmic
compressor which provides a voltage output proportional to
the logarithm of the electric field sirength. The dynamic range
of the logarithmic compressor is 100 dB. Two types of field
strength measurements, calied the average und the peak. are
made for each channel. The average field strength is the ex-
ponentially weighted average (a resistunce-capacitance in-
tegrator) of the logarithm of the field strength with a ume
constant of 50 ms for all channels except 36 und 31 Hz, which
have time constants of 100 und 200 ms. respectively. The peak
field strength is obtained from u peuk detector which gives the
maximum field strength since the preceding sample. The con-
tinuousty active chunnels, with peak detection and overlapping
frequency response. assure that any wave which occurs within
the frequency and <ensitivity range of the instrument will be
detected. even very short bursts with durations much shorter
than the sampling period. The 16 peak and 16 uverage fieid
strengths are sampied essenuially simultaneously by a datu

processing unit which provides analog-to-digital conversion
and formating for the spacecraft data system. A wide range of
sampling rates is possible, depending in detail on the space-
craft bit rate and telemetry format. The fastest sampling rate in
real-time operation provides a complete set of 16 peak and 16
average samples every 1.125 5. Even faster sampling rates, up
10 14.2 samples per second for each channel. are possible when
a rapid read-in 1o the spacecraft memory is used. The memory
read-in is triggered by a ‘shock alarm’ circuit (see Figure 2)
which responds to the field strength in a presclected channel. A
shock alarm signal is generated whenever the field sirength
exceeds the largest field strength detected since the last mem-
ory readout. The memory is organized to store data both
immediately before and immediately after the shock alarm
signal occurs. The overall function of the shock alarm and
memory read-in is to provide very rapid sampling of the
eleciric field spectrum, as well as other magnetic field and
plusma data. around the time of maximum field strength.

IN-FLIGHT OPERATION AND NEAR-EARTH OBSERVATIONS

Shortly after the launch of Helios | it was discovered that
one of the two antenna elements which make up the electric
dipole antenna did not extend properly and was electrically
shorted to the spacecraft structure. The resulting antenna con-
figuration is therefore an electric monopole. the spacecraft
body and associated booms acting as a ground plane. Al-
though this is not the intended antenna configuration. the
eflects of this failure are not particularly serious. Monopole
antennas of this type have been successfully used on several
previous spuacecraft plasma and radio wave experiments
[Slvvh, 1963; Benedihtor er al.. 1968: Scart et al.. 1968]. The
primary detrimental ¢ffects for the Helios ! experiment are a
loss of 6 dB in the electric field sensitivity because of the
shorter antenna length und an increase in the noise level of the
178-kHz channel by about 25 dB because of an interference
signal conducted into the experiment from the shorted an-
tenna. It was also thought that the reduced common mode
rejection caused hyv the asvmmetrical antenna conRiguration
would result in lurger interference levels. particularty from the
spacecralt solur array. However, comparisons with the Helios



|

l«

GURNETT asD ASDERSON Sot ar Wil Prasuy Moavis w1s

MAGNE TOSHEATH E_ELTRON PLiSMA ALRTRAL < LCME TR
ELECTROSTAT:C 3SC. LUATICNS g RAT.AT ON
NQISE 1
L] A B -
1780 b ’ | DO SRSV SRS, ol
1060 \ i L/ Ay .
56.2 \ . 1 S P . i
3l ‘K\A aow 7 _ " ] :
178 __lLL SHOCK ""E"‘ '-.J,;-..- e P
2 1Q.0 . | A«L N N -
: 552 e ! _
> 3l ’ PRLIE S’ | -~
: . "u SOLAR ARRAY
g 1.78 - b H - S0t
g 1.00 - i . . ﬂgrgenwcs B}
w Ty
562 A ) . é IR I
3 —— ! . TRE o
478 =Sy i . ; '
100 ﬁ = ! P —————— { :
s mmm
o] mem
T ' ' '
UT. (HRMN) 1000 1200 1400 1600 1800
R (Rq) i3.1 24.2 3582 46.! 56.9
LT (HR) 17.8 180 180 ’ 181 18,1

HELIOS +, DAY

344, DECEMBER 10, 1974

Fig. 3. The electric field intensities detected by Helios | during the outbound puss through the bow shock shortly atier
launch.

2 spacecraft, which was recently launched and for which both
antennas extended properly. show that the background noise
voitages are essentially the same in all except the 178-kHz
channel.

One disadvantage of a monopole antenna is that the effec-
tive length cannot be estimated as well as for a dipole antenna
because of the complicated geometry of the spacecraft body.
To calculate electric field strengths from the Helios | data. we
assume that the spacecraft body acts as a perfect ground plane,
in which case the effective length is one half of the length of the
monopole element, or /¢y = 8.0 m. This assumption is justified
mainly on the grounds that the spacecraft body and associated
booms have a rather large capacitance to the surrounding
plasma which should maintain the spacecraft potential essen-
tially constant with respect to the local plasma potential. At
higher frequencies. above the electron plasma frequency where
the plasma effects are not important. the effective length is
probably somewhat smaller, by about 15-20%, because of the
finite size of the ground plane. Because of the large range of
electric field strengths encountered in the solar wind. uncer-
tainties of this magnitude are not considered serious. The
calculated electric field strengths also rely on the assumption
that the wavelengths are longer than the antenna length. In
most cases. specific tests based on spin modulation measure-
ments of the antenna pattern and Doppler shift estimates can
be performed to verify this assumption.

To demonstrate the operation of the experiment in an envi-
ronment which has already been extensively investigated. we
have analyzed the electric field intensities observed as Helios |
passes through the region near the earth’s bow shock shortly
after launch. The electric field intensities in this region are
shown in Figure 3 for all 16 channels, from 31 Hzto 178 kHz.

The ordinate for each channel is proportional to the logarithm
of the electric field strength. and the interval from the base line
of one channel 10 the base line of the next higher channel
represents a range of electric field strengths from about | uV
m~' o 100 mV m-' for /gy = 8.0 m. The peuak clectric field
strengths are indicated by dots. and the average field strengths
are indicated by vertical bars (the solid black areas) extending
upward from the base line of each channel.

During the pass through the bow shock one of the strongest
and most prominent types of noise detected by Helios | is a
high-frequency (50-500 kHz) radio emission generated in the
earth’'s auroral zones. This noise, which is called terrestrial (or
auroral) kilometric radiation [Gurrerr. 1974; Kurth et al..
1975]. is detectable for several weeks after launch and is clearhy
evident in the frequency channeis above 50 kHz in Figure 3.
Auroral kilometric radiation provides a useful source for veri-
fying the effective length of the monopole antenna. During a
period of maximum intensity. at a radial distance of 1.1 R,
from the earth (1315 UT). the power flux of the auroral
kilometric radiation is found 1o be 2.98 X 10 W m=~? 41 |78
kHz for an effective length of 8.0 m. From a comparison with
Figure § of Gurnett [1974] it is seen that this power flux is in
good quantitative agreement with the typical maximum in-
tensities of auroral kilometric radiation detected by the Imp 6
spacecraft at comparable radial distances from the earth.

Because of the data gap from 1128 10 13535 UT in Figure 3.
no plasma wave measurements are available at the time of the |
actual bow shock crossing. Before the bow shock crossing,
during the interval from about 1045 to {128 UT. a broud
spectrum of electric field noise is detected. extending from
frequencies below 31 Hz to greater than $6.2kHz. This noise 1s
characteristic of the intense electrostatic turbulence which is
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Fig. 4 The threshold clectric field sensitivity of Helios | and Helios 2 compared to several other plasma wave
experiments which have made electric field measurements in the solar wind. The rapid increase in the noise level at low
frequencies is caused by interference from the spacecraflt solar array.

commonly observed throughout the magnetosheath down-
stream of the bow shock [Rodriguez and Gurnett, 1975]. After
the bow shock crossing. from about 1255 to 1425 UT and in
several intervals thereafter, an intense narrow band electric
field emission is evident in the 10.0- and 17.8-kHz channels.
This narrow band emission consists of electron plasma os-
cillations of the type discussed by Scarf et al. [1971]. excited by
electrons streaming into the solar wind from the bow shock.
For an effective length of 8.0 m the electric field strength of
these plasma oscillations is found to range from about 1004V
m-*to | mV m-'. with occasional peaks as large as 3 mV m-".
These field strengths are in good quantitative agreement with
similar measurements obtained from the Imp 6 and 8 space-
craft [see Gurnett and Frank, 1975}

In Figure 4 we show the in-flight noise level of the Helios |
plasma wave experiment (and also Helios 2) and compare
these noise levels with several other similar experiments which
have made electric field measurements in the solar wind. In
each case the noise levels have been calculated by using the
effective length determined from strictly geometrical consid-
erations. without regard for errors caused by sheath effects or
wavelengths shorter than the antenna. The rapid increase in
the noise level of the Helios experiments at low frequencies.
below about 1.0 kHz. is caused by interference from the space-
craft solar array. Because of the spacecraft rotation. large
voltage transients, as large as 70 V. occur as the solar panels
rotate into and out of the sunlight. These voltage transients are

coupled to the antenna through the plasma sheath surround-
ing the spacecraft and produce strong interference over a very
broad range of frequencies. This same type of interference also
occurs at low frequencies in the Imp 6 and 8 electric field
measurements but is more intense on Helios because of the
higher spin rate (1.0 rps) in comparison to the spin rates of
Imp 6 and 8 (0.083 and 0.4 rps). The difference in sensitivity
between Helios | and Helios 2 is caused by the factor of 2
difference in the antenna lengths. The improved sensitivity of
the Imp 6 and 8 experiments is mainly due to the longer
antennas used on these spacecraft. Since comparisons are to be
made later with the Pioneer 8 and 9 electric field measure-
ments, the noise levels of the Pioneer 8 and 9 experiments are
also shown in Figure 4. based on the instrument parameters
given by Scarf et al. [1968] and Scarf and Siscoe [1971]. The
noise levels of the Pioneer experiments assume an ef-
fective length of 1.0 m, which, as was painted out by Scarf er al
[1968]. is considered somewhat uncertain because of possible
errors introduced by local sheath effects. Also shown for com-
parison are the noise levels of the Ogo 5 electric field experi-
ment (F. Scarf, personal communication. 1976). which has
made electric field measurements in the solar wind [Scarfet al..
1972]. The noise levels of the Ogo S 7.3- and 14.0-kHz chan-
nels are not shown because of the presence of strong space-
craft-generated interference in these channels.

A highly unusual and unexpected interference problem was
encountered on Helios | when the S band telemetry signal wus



GURNETT AanD ANDERMON SOFam Wi Prassis Monggs nl

[elee

°8.0 ‘

56.2

..

578

Q0

562

3.1

.78

.00
.562
3
178
400
056
D3 —

FREQUENCY (xHz)

UT.(HRMN) 1400 1600
R(Au) 984 984

1800 2000 ‘ 2200
984 984 984

HWELIOS i, DAY 346, OECEMBER :2, 1974
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switched from the medium to high gain telemetry antenna
about 10 days after faunch. When the telemetry transmitter
was switched to the high gain antenna, a very intense broad-
band interference occurred. with an increase in noise level of
nearly 50 dB in some channels. This interference was also
accompanied by a number of other dramatic effects indicating
a major disturbance in the plasma around the spacecraft, the
most notable being a large increase in the £ = 100 eV ¢lectron
flux detected by the solar wind plasma experiment (H. Rosen-
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Fig. 6. The Helios | electric field noise levels at several selected
quiet tmes between launch and first perihelion. These spectrums pro-
vide upper limits o the electric field intensities in the solar wind Juring
quiet conditions. The enhunced noise levels neur perihelion yre be-
lieved to be caused by spacecruafn-generated interference

bauer, personal communication, 1976) and a charging of the
electric antenna element to =30 to ~40 V with respect to the
spacecraft structure. Subsequent investigations of these effects
have led to the conclusion that the interference and electron
heating are caused by a multipacting breakdown of the high
gain antenna feed. This breakdown is essentially a transit ume
resonance for eiectrons accelerated across the gap in the an-
tenna feed and occurs when the secondary emission coefficient
is sufficiently large to cause a rapid buildup of electron density
in the gap [Haich and Williams, 1954, 1958]. Since the reso-
nance condition is highly sensitive to the gap spacing. the
antenna feed on Helios 2 was redesigned with a larger gap
spacing to eliminate this problem. As a result of this modifica-
tion. no similar interference effects have vet been observed on
Helios 2.

Because of the multipacting problem with the high gain
antenna. useful plasma wave data could initially be obtained
only by using the medium gain antenna. Since operation with
the medium gain anienna resulted in a larger bit rate penalty 1o
the other experiments, this mode of operation was quite lim-
ited. usually consisting of onlv a few 8-hour passes per week.
Fortunately, shortly after the first perihelion passage the mul-
lipacting interference completely disappeared. and it has not
reappeared again except for a short period during the second
perihelion passage. The disappearance of the multipacting
breakdown is not understood in detail but is generally thought
10 be caused by modifications of the surface properties (sec-
ondary electron emission coefficient) of the high gain antenna
feed due to the high temperatures encountered near perihelion.

Since some of the results which will be presented involve the
detection of relatively rare plasma wave phenomena. it is im-
portant to comment on the total quantity of data which has
been analyzed. For this study all of the real-time data obtained
from Helios 1 during the first 16 months of in-flight operation.
consisting of approximately two and one-half orbits around
the sun. have heen processed and analvzed in deta. In addi-
tion. a surves has been made of the data currently available
from Helios 2 duning the first 2.5 months of in-tflight operation.
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Fig. 7. Another example of 4 quiet period in which slightly.enhanced noise levels are clearly evident in the 363-Hz o0 3.11-
kHz channels.

Because of the multipacting interference early in the flight of
Helios 1 and the reduced telemetry coverage after the first
perihelion the overall fraction of the time for which usable
plasma wave data are available is only about 30%. This limita-
tion in the available data significantly reduces the detection
rate for relatively infrequent events such as type Il solar radio
bursts and interplanetary shocks. No interplanetary shocks
have yet been identified in the Helios plasma wave data. al-
though such events may be identified later when more detailed
comparisons are made with the plasma and magnetic field
data.

QUIESCENT CONDITIONS IN THE SOLAR WIND

A characteristic feature of the Helios ! plasma wave data is
the almost complete absence of detectable electric fields for a
substantial fraction of the time. 50% or more. and for long
periods, sometimes lasting several days or longer. This is in
striking contrast 1o measurements in the solar wind near the
carth, where moderately intense plasma waves. produced by
particles arriving from the bow shock and magnetosphere. are
present a large fraction of the time. The electric field intensities
during one such quiescent period are shown in Figure 5. Ex-
cept for some very low intensity waves between about 562 Hz
and 3.11 kHz, which will be discussed shortly. all of the electric
field channels are near their minimum noise level, as deter-
mined by the solar array noise at frequencies below about 1.0
kHz and by the preamplifier noise at frequencies above 1.0
kHz. Comparable quiescent periods are a common feature of
the Helios data at all radial distances from 1.0t0 0.3 AU. One
notable effect. which was observed on both the first and the
second perihelion passage. is a gradual increase in the back-
ground noise level with decreasing radial distance from the
sun. This radial dependence is illustrated in Figure 6. which
shows electric field specirums selected at four representative
radial distances during quiet times. The quiescent noise levels
are seen to remain essentially constant from 0.98 10 0.76 AU
but then to increase gradually by about 10-15 dB with decreas-

ing radial distance. reaching maximum intensity near peri-
helion. Although the origin of the increased noise level near
perihelion is not known. it is reasonably certain that this noise
is not caused by plasma waves. The reason for this conclusion
is that the noise intensity displays a pronounced variation with
the spacecraft rotation, with a single maximum when the an-
lenna is pointing away from the sun. To be interpreted as an
electric field. the spin modulation must have two maximums
per rotation. The most likely explanation is that the noise is
caused by some type of spacecraft-generated interference
which increases in intensity near perihelion. Numerous param-
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cters of the spacecraft power system. which could possibly
affect the interference levels at high frequencies. vary consid-
erably with radial distance from the sun.

During quiescent periods such as the one in Figure 5 there is
often a slight irregular enhancement of the noise level in the
562-Hz 10 3.11-kHz channels, suggesting that some very weak
plasma waves may be present in this frequency range. An
example of the otherwise quiescent interval during which these

low-intensity enhancements are particularly evident is shown
in Figure 7. The electric field spectrum during one of the
periods of enhanced noise intensity, at 0530 UT. is shown in
Figure 8 and is compared with the spectrum at a time of
minimum noise level. at 0510 UT. Although it is very difficult
to be certain that these periods of enhanced intensity are not
caused by spacecraft interference. most of the evidence sug-
gests that these enhancements are caused by plasma waves.
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The fact thut the enhancements appear in only a4 imited num-
her of channels indicates that the noise is distinctly different
from the multipacting interference and from the interference
encountered neur perihelion. Also, this same noise is detected
even more clearly by Helios 2. which hus better electric field
sensitivity thun Helios 1 und for which na multipacting inter-
ference has been detected.

If the very weak irregular enhancements in the 562-H:z to
3.11-kHz channels are due to plasma waves, then the electric
field intensity of these waves is very small, the broadband
electric field strength being only about 10 4V m~'. Although
these waves are very weak. they are apparently present a large
fraction of the time. possible 50% or more. because they are
almost always detectable, even during quiescent periods such
as appear in Figures S and 7. Because of the difficulty of clearly
resolving these verv low intensities. further investigation of
these waves will be delaved until more data are available from
Helios 2. which has betier sensitivity than Helios 1.

WaveESs BETWEEN THE ELECTRON AND JON PLasMA
FREQUENCIES

Occasionaily. intervals occur in the Helios 1 plasma wave
data in which moderately intense electric field noise is detected
in the frequency range from about 110 10 kHz. Two examples
of this noise are shown in Figures 9 and 10, at radial distances
of 0.98 und 0.47 AL. respectivelv. As will be shown. the
frequency range of this noise consistently lies between the local
electron and ion plasma frequencies f,~ and [,-. We therefore
refer to this noise as 7, < f < [, noise. This terminology is
adopted from a strictly observational viewpoint. It should be
noted that if sizable Doppler shifts occur. then the actual wave
frequencies in the rest frame of the plasma mav not. in fact, be
directly related to either of these frequencies.

Except for the extremely weak noise enhancements dis-
cussed in the previous section. the [,- < f < [, noise is the

most commonisy occurning (vpe of plasma wave detected b
Helios 1 When this noise occurs, 1t 1s usuully observed w»:th
sporadic intensities for pertods ranging from a few hours 1o
several davs. Such penods of enhanced {,- < f < 7 noise
intensities usually occur a few mes per month. It seems likels
that this noise is associated with a corotating feature of the
solar wind which recurs for every solar rotation: however. ut
the present time the available data have not been analvzed in
enough depth to establish a definite association. The noise has
been detected at essentially all radial distances surveyed b
Helios 1. .

It is evident in Figures 9 and 10 that the peak intensities of
the [~ < { < [, noise are larger than the average intensities
by a factor of approximately 20-30 dB. This large ratio of the
peak to average field strengths indicates that the noise is very
impulsive. consisting of many brief bursts occurring on time
scales that are short in comparison to the averaging interval
{which is about | min for Figure 9 and 30 s for Figure 101
These impulsive temporal variations clearly distinguish this
noise from the quiescent noise enhancements. as shown in
Figure 7. which have a more nearly constant amplitude. To
illustrate the temporal structure of the f,- < [ < f, noise.
Figure 11 shows a greatly expanded time scale. with 0.2§-s
resolution. from a shock mode memory read-in which oc-
curred at about 1500 UT during the event in Figure 9. These
high time resolution measurements show that the f,- < 7 <
f5 noise consists of many short bursts lasting for only a few
tenths of a second. Even on this greatly expanded time scate
the temporal structure of the individual bursts is sometimes
not clearly resolved. Often when an individual burst occurs. 1t
tends to occur simultaneously (within the time resolution
available) across a broad range of frequencies.

Typical peak and average frequency spectrums of the 7, <
[ </, noise are shown in Figure 12 at times of relativels high
intensity selected from the events in Figures 9 and 10. The
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Fig. 12. Selected spectrums of the [, < f < f,” noise showing the
shift loward higher frequencies with decreasing radial distance from
the sun. Also note the large ratio of the peak to average electric field
strength. indicaling very impulsive temporal variations.

large ratio between peak and average electric field intensities is
clearly evident in these spectrums. Also shown are the electron
and ion plasma frequencies as computed from the plasma
densities given by the Helios 1 solar wind plasma experiment:
f,~ is computed from the total density of all ions. charge
neutrality being assumed, and f,* = (m/my)"*f,~. where m,
and m,, are the electron and proton masses. The spectrums are
seen 1o consist of a-single broad maximum between the ¢lec-
tron and ion plasma frequencies. By cgmparing the spectrums
for days 348 and 56, at R = 0.98 AU and R = 0.47 AU. it is
seen that the frequency spectrum shifts toward higher frequen-
cies, approximately in proportion to f,~ and f,". as the space-
craft comes closer to the sun. Examination of other similar
spectrums confirms the tendency evident in Figure 12 for the
spectrum to shift toward higher frequencies with decreasing
radial distance from the sun. This frequency shift is apparently
directly associated with the increase in the electron and ion
plasma frequencies as the solar wind density increases near the
sun,

The spectrums in Figure 12 also show an increase in the
peak electric field strength, from 44 to 235 4V m~', between
day 348 and day 56. the largest field strength occurring closer
to the sun. Although this comparison suggests that the electric
field intensity of the [, < [ < f,~ noise may increase with
decreasing radial distance from the sun, examination of other
similar cases shows that the electric strength variation from
event to event is too large to provide any firm conclusion
about the radial variation in the electric field intensity. The
maximum single-channel electric ficld strength of the f,~ < f
< [, noise is typically in the range from about 50 to 300 uV
m~! and seldom exceeds 500 uV m~".

To aid in identifying the plasma wave mode responsible for
the [,~ < f < f,” noise. it is of interest to establish the electric
field direction of this noise relative to the magnetic field and
solar wind velocity vectors. The electric field direction in the

plane of rotation of the clectnic antenna can be determined
from the spin modulation of the electric field intensities. Be-
cause the notse bursts usually occur on a time scale com-
parable to the time for one rotation (1 s), a statistical analysis
must be performed over many events. usually for several hun-
dred spacecraft rotations, to determine an average spin modu-
fation pattern. This procedure is simplified on Helios by the
fact that the average (50-ms time constant) field intensity
measurements are always sampled in 16 equally spaced angu-
lar sectors. However, becausc of the very low average field
strength of the f,° < f < f, noise and the very impulsive
intensity variations, simple averaging of the intensity as a
function of the sector number does not give a good indication
of the spin modulation. The approach used is to compute the
frequency of occurrence of field intensities above a given
threshold as a function of the threshold and the sector num-
ber. The spin modulation is then determined from the con-
tours of constant frequency of occurrence as a function of the
sector number. This method of analysis is less sensitive than
simple averaging to errors introduced by a few exceptionally
intense bursts.

An example of this spin modulation analysis fora f,” < [ <
/.~ noise event detected at about 0.98 AU is shown in Figure
13. The accumulation interval for this frequency of occurrence
determination is | hour. The antenna orientation angle @sg* is
the spacecraft-centered solar ecliptic longitude of the + Y an-
tenna axis. including a correction of 18° to account for the
phase shift caused by the 30-ms receiver time constant. The
solid and dashed lines give the electric field intensities at fre-
quencies of occurrence of 5 and 10%, respectively. Even with a
1-hour accumulation interval, considerable scatter is still evi-
dent in the frequency of occurrence contours. Nevertheless, a
consistent modulation pattern is clearly evident with the max-
imum intensities at about ¢ ¢* = —30° and +150°. During
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this interval the average spacecraft-centered solar ecliptic lon-
gitude and latitude of the magnetic field are approximately
©? = —40° = 10° and 9,°% = 0° = 20°, respectively (F.
Neubauer. personal communication. 1976). Because the mag-
netic field is oriented close to the spin plane of the electric
antenna. this event provides a good case for determining the
electric field orientation relative to.the solar wind magnetic
field direction. For comparison the magnetic field directions
~B and —B. projected into the plane of rotation of the an-
tenna. are shown in Figure 13. The clectric field intensities
clearly have a symmetrical distribution with respect to the
solar wind magnetic field direction. with the maximum in-
tensity when the antenna axis is aligned parallel to the mag-
netic field. The sharp nulls in the electric field intensity, by
about a factor of 10, indicate that the electric field of the /- <
[ < [, noiseis very closely aligned along the direction of the
solar wind magnetic field. probably to within less than 15°.

ELECTRON PLASMA OSCILLATIONS

Occasionally, narrow band electric field emissions are de-
tected in the frequency range from about 20 to 100 kHz which
are almost certainly caused by electron plasma oscillations at
the local electron plasma frequency f,~. An example of a
period during which electron plasma oscillations are detected
by Helios ! is shown in Figure 14. The identification of these
waves as electron plasma oscillations is based on the close
similarity of the frequency spectrums and intensities to the
electron plasma oscillations observed upstream of the bow
shock. as seen in Figure 3. In contrast to the plasma os-
cillations detected near the earth. which are associated with
electrons from the bow shock. the plasma oscillations shown
in Figure !4 must be generated by particles of solar origin or
by nonthermal particle distributions in the solar wind.

Typicalis. only one or two brief periods occur per month in
which clectron plasma oscillations are detected by Helios 1. In
most cases the plasma oscillations’are observed during a single

isolated interval lasting from a few minutes to about half an
hour. The plasma oscillation events which occur on day 208 (in
Figure 14) and also continue to day 209 (not shown) represent
an exceptionally active period with respect to the occurrence of
electron plasma oscillations. This period corresponds to one of
the few periods of substantial solar flare activity detected by
Helios | during the first vear of in-flight operation. On the
basis of the previous association of electron plasma os-
cillations with low-energy (few keV) electrons ejected by a
solar flare {Gurnet: and Frank, 1975] it seems likely that the
electron plasma oscillations detected during this period are
associated with electrons from this flare activity. Preliminary
comparisons with the data from the energetic particle and
plasma experiments on Helios | (E. Keppler and H. Rosen-
bauer. personal communication, 1976) confirm that low-en-
ergy (1-20 keV) electrons of solar origin are present during
this period. The type Il radio burst associated with one of
these flares is clearly evident in the 100-kHz channel of Figure
14, starting at about 2243 UT. This type I1l radio burst and
others detected by Helios are discussed in the next section.

The clectric field spectrum of the electron plasma oscillation
detected on day 208, at a time of relatively high intensity. is
shown in the top panel of Figure 15. Also shown are the
spectrums for two other examples of electron plasma os-
cillations detected at closer radial distances to the sun. For
comparison and confirmation of the identification of these
waves as clectron plasma oscillations, the local electron
plasma frequencies determined from the solar wind plasma
experiment are also given in Figure 15. The close correspon-
dence between the emission frequency and the local electron
plasma frequency is clearly evident. The spectrums in Figure
15 also show the expected increase in the clectron plasma
frequency as the solar wind density increases closer to the sun
This tendency, for increasing frequencies closer to the sun. 15 a
general characteristic of all of the electron plasma oscillations
detected by Helios 1.
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Selected spectrums of electron plasma osaillations showing the tendency for increasing frequency with

decreasing radial distance from the sun. The frequency of the plasma osciliations is in good sgreement with the electron

plasma frequency /, determined from the solar wind plasma experiment.

As can be seen from Figure 14, the peak electric field in-
tensities of the electron plasma oscillations are considerably
larger than the average field intensities. which remain near the
receiver noise level during the entire event. The large ratio of
the peak to average field strengths indicates that the electron
plasma oscillations. like the f,- < [ < [,” noise, consist of
many brief bursts with durations that are short in comparison
1o the averaging interval. The temporal structure of a ypical
burst of electron plasma oscillations is illustrated in Figure 16.

which shows a greatly expanded time scale for a series of

plasma oscillation bursts detected during a shock mode mem-
ory read-in. The rise and decay times of the individual bursts
are clearly resolved in these data and are typically in the range
from about 0.25 to 1.0's. In this case the durations of the bursts
are only a few seconds. Occasionally, much longer bursts are
observed lasting as long as several minutes. When multiple
bursts occur. a moderately well defined upper limit to the field
strength is often evident (as is true for the first three bursts in
Figure 16) and is an indication that some nonlinear effect
saturates the instability. The saturation level is usually in the
range from ibout 100 to 300 LV m-' aithough occasionally.

larger field strengths do occur. as will be discussed in the next
section. Electron plasma oscillations with field strengths ex-
ceeding | mV m~* are extremely rare. Because of the limited
number of events available and the large variation in the
intensity from event to event it is not known for certain
whether the electric field strength has a significant variation
with radial distance from the sun. Some of the most intense
svents have been observed at radial distances near the sun. as
is shown in Figure i3,

 As is true for the ;- < f < f,7 noise, the electric field
orientation of electron plasma oscillations can be determined
from spin modulation measurements. Because long-duration
butrsts sometimes occur with nearly constant (saturated) in-
tensities. the spin modulation pattern can be determined very
easily in these cases. Figure 17 shows the spin modulation
observed during a single rotation for an unusually long (2 min)
burst of plasma oscillations detected by Helios 1 near perihe-
lion (R = 0.332 AU\ During this event the solar wind mag-
netic field 15 oriented neur the spin plune of the antenna: o.*
= —13° = 3 and 4% = 19° = 1° (F. Neubauer. personal
communication. 1976y 110 u direction fuvorabile for determining
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Fig. 16. High ume resolution measurements showing several bursts of electron plasma oscillations with durations of only
a few seconds. Note the nearly constant saturation amplitude of the first three bursts.

the electric field orientation relative to the magnetic field direc-
tion. As can be seen from Figure 7. the maximum electric
field intensity occurs when the antenna axis is parallel to the
magneltic field. The sharp nulls when the antenna axis is per-
pendicular 1o the magnetic field indicate that the electric field
of the electron plasma oscillations is very closely aligned along
the direction of the solar wind magnetic field. probably to
within less than 20°.

Type [11 SOLAR RADIO BURSTS

One of our primary objectives in studying type [I1 solar

radio bursts is 1o determine whether electron plasma os-
cillations are involved in the generation of these radio emis-
sions. as has been suggested for many years. In all of the data
currently available a total of 18 type 111 solar radio bursts have
been detected by Helios 1 and 2. Of these 18 type I radio
bursts. 4 show clear evidence of electron plasma oscillations
which could possibly be associated with the radio emission.
Two of these events. shown in Figures 18 and 19, occur in
association with the solar flare activity on days 208 and 209
(July 27 and 28), 1975, discussed in the previous section. and
the second two events, shown in Figures 20 and 21. occur in
association with the solar flare activity on day 92 (April 1),
1976.

Before detailed discussion of these events it is useful to
consider the ideal “signature’ to be expected if electron plasma
oscillations are involved in the generation of type Il radio
emissions. As is well known. tvpe 111 radio bursts are produced
by electrons ejected into the solar wind by a solar flare. At low
frequencies (<1 MHz). considerable evidence exists showing
that the tvpe HI radio emissions occur at the harmonic 2f," of
the local electron plasma frequency {Fainberg et al., 1972;
Haddock and Alvarez, 1973: Kaiser, 1975]. The characteristic
frequency-time dispersion of a type 11 radio burst. decreasing
in frequency with increasing time, is caused by the decreasing
electron plusma requency encountered by the solar flare elec-

trons as they propagate outward from the sun. If the type 1]
radio emission is caused by the conversion of electron plasma
oscillations to electromagnetic radiation at 2f, . as is widely
believed. then the onset of the plasma oscillations at the local
electron plasma frequency f,~ should occur essentially simulta-
neously with the onset of the type Il radio emission at 2/,-
and should last for an interval comparable to the duration of
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Fig. 17 Spin modulation measurements of electron plasma os-

cillations showing that the electric field of these waves is oriented
nearly parallel 0 the solur wind mugnetic field.
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Fig. 18 A type 11 radio burst which is possibly assocrated with the electron plasma oscillutions detected in the 17 K-
kHz channel Trom about 2257 10 2335 UT. In this case the onset of the electron plasma oscitlations at 7, > 20 kHe is in

good agreement with the estimated onset time of the type HI radio emission (dashed line) 4t M, =40 kHz

the type 1I1 burst at this frequency. Electron plasma o5

cillations are not expected to be observed for all type 1)
bursts. since the spacecraft must be within the source region o
detect the locally generated plasma oscillations. 7
From the standpoint of the expected plasma wave signature
the event on day 208 in Figure {8 represents an excellent
example of the expected relationship between electron plasma
oscillations and type 111 radio emission. The onset time of the
X ray flare associated with this event is 2232 UT. as deter-
mined from the soft X ray detector on Helios 1 (J. Trainor.
personal communication. 1976). The type 111 radio emission
produced by the electrons from this flare is first detected in the
100-k Hz channel at 2243 UT and subsequently in the 56.2- and
31.1-kHz channels at 2251 and 2313 UT. The approximate

onset times are indicated by the smooth dashed curve in Figure
18. Starting at about 2257 UT. a pronounced burst of electron
plasma osciilations occurs in the 17.8-kHz channel. lasting for
about half an hour. At the time of maximum intensity the peak
electric field strength of these plasma oscillations is about mnm
4V m~ . Since the plasma oscillations are detected in the Il
kHz channel but not in the 10.0-kHz channel. the electron
plasma frequency must be slightly greater than 17.8 kHz.
probably about 20 kHz. From the dashed curve in Figure 18
the onset time of the type 111 radio emission at 2f,” =~ 40 kHz
is estimated 10 be about 2254 UT. coincident within a few
minutes with the onset time of the electron plasma oscillations
at f,~ = 20 kHz. By using the 56.2-kHz channet as a guide the
duration of the type 111 radio emission at 2f,~ = 40kHzis esti-
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mated to he shout 35 min. which 1s comparable 10 the dura-
uon of the electron plasma oscillations. These comparisons are
all in excellent ugreement with the signature expected for elec-
tron plasma oscillations associated with a type [11 radio burst.

About 1.5 hours after the event in Figure 18, another tvpe
[T] radio burst occurred with electron plasma oscillations. This
event is shown in Figure 19. The electron plasma oscillations
in this case consist of numerous sporadic bursts lasting for
about | hour. from 0252 10 0352 UT. with a maximum electric
field strength of about 187 xV m-*'. In comparison with the
event in Figure 18 this event does not fit the ideal signature as
well, since the onset time of the plasma oscillations at f,” =
17.8 kHz does not agree with the onset time of the radio
emission at 2f," = 35.6 kHz. Nevertheless. the plasma oscil-
lations do occur within the interval where substanual radio
emission is being detected at 2f, .

By far the best example found to date of electron plasma
oscillations associated with a type 11 radio burst is shown in
Figure 20 This event, which occurred on day 92 (April 1)
1976, took place during a peniod of exceptional solar flare
activity from day 83 to day 93. 1976. During this period a total
of Il separate type Il radio bursts were detected by Helios |
and 2. The type 1l event in Figure 20 is outstanding in that a
very intense burst of plasma oscillations, with a maximum
electric field strength of 5.26 mV m~', occurred during the
radio burst. These electron plasma oscillations are the most
intense ever detected by Helios and are much more intense
than the typical electron plasma oscillation events discussed in
the previous section. Although the onset of the plasma os-
cillations occurs somewhat later than the onset of the radiation
at 2f,. the temporal correspondence is so good in this case
that there can be essentially no doubt that the radio emission
and plasma oscillations are closely associated. Preliminary
comparisons with the data from the energetic particle and
plasma experiments on Helios (E. Keppler and H. Rosen-
bauer, personal communication. 1976) confirm that intense
fluxes of low-energy (1-20 keV) clectrons of solar origin are
present during this event. About 4 hours after the event in

Figure 20. another tvpe 111 radio burst occurred in which
correspondingly intense electron plasma oscillations are ob-
served. This event s shown in Figure 21 The electron plasma
oscillations in this case are of much shorter duration than
those in the event in Figure 20. consisting of only a few brief
bursts. but are agatn unusually intense. The maximum electric
field intensity of the plasma oscillations in this case is 2.3 mV
m '

Considered together. these four events provide substantial
evidence confirming that electron plasma oscillations are asso-
ciated with type I11 radio bursts. The events in Figures 20 and
21, with plasma osciilation intensities much larger than those
in any of the other availablie data. provide particularly strong
evidence of this association. The case is not quite as strong for
the more moderate intensity (~200 4V m-"') plasma os-
cillations observed during the events in Figures 18 and 19. One
obvious interpretational difficulty is that comparable moder-
ate intensity electron plasma oscillations often occur for which
no type Il radio emission can be detected. Several such cases
are evident in Figure 14. Even though the absence of a one-to-
one correspondence raises a question of interpretation. it does
not conclusively prove that such moderate intensity plusma
oscillations cannot in some cases be associated with the tyvpe
HI radio emission. For example. in cases where no radio
emission is detected. it is possible that these plasma os-
cillations are essentially a localized instability occurring in a
much smaller volume than the plasma oscillations associated
with a type 1] radio burst. Direction-finding measurements
show that the type HI source is very large at low frequencies.
subtending half angles as large as 45°-60° as viewed from the
sun [Baumback et al.. 1977).

StMMaRrY aND DiscussioN

The Helios | plasma wave measurements show that the
electric field intensities in the solar wind are often very low,
much lower than those for comparable plasma wave measure-
ments near the earth. During the quiet periods which occur in
the Helios | plasma wave data the only plasma wave activity
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which can be detected is a slight enhancement of the noise
levels in the frequency range from about 500 Hz to 3.0 kHz.
The broadband electric field strength of these quiet time en-
hancements is very small, only about 104V m~'. During more
disturbed periods the most commonly observed plasma wave

is a sporadic emission at frequencies between the electron and |

jon plasma frequencies. typically from about 1 to 10 kHaz.
These waves are referred to as f,* < f < [, noise. The fre-
quency spectrum of the f,* < [ < f,~ noise shows a systemaltic
variation with radial distance from the sun, shifting toward
higher frequencies closer 1o the sun. The electric field strength
of this noise is very impulsive. consisting of many brief bursts
lasting for only a few seconds or less with peak single-channel
clectric field strengths of a few hundred microvolts per meter.
No pronounced variation in the electric field strength of this
noise is evident with radial distance from the sun. Spin modu-
lation measurements show that the electric field of this noise is
closely aligned along the direction of the solar wind magnetic
field. At higher frequencies. from about 20 to 100 kHz. narrow
band electron plasma oscillations are occasionally detected at
frequencies near the local electron plasma frequency. The elec-
tron plasma oscillations are more intense than the [,m<f<
f,~ noise. sometimes with electric field strengths as large as a
few millivolts per meter, but occur very infrequently. The
electric field of the electron plasma oscillations is usually very
impulsive and is aligned approximately parallel to the direc-
tion of the solar wind magnetic field. The frequency of the
electron plasma oscillations closely tracks the local clectron
plasma frequency as determined by the solar wind plasma
experiment and shows a clear systematic variation with radial
distance from the sun. increasing in frequency closer to the
sun. In all of the available data a total of 18 type Il radio
bursts have been detected by Helios 1 and 2. Of these. four
have simultaneously occurring electron plasma oscillations as-
sociated with the type I radio emission. In one of these cases
the electron plasma oscillations are unusually intense. with a
maximum electric field strength of about 5.26 uV m-'

In examining the origin of the various types of plasma waves

detected by Helios | many interpretational questions must be
considered. For the electron plasma oscillations the close
tracking of the emission frequency with the local electron
plasma frequency and the alignment of the electric field paral-
lel to the solar wind magnetic field strongly support the identi-
fication of these waves as electron plasma oscillations. The
electric field orientation specifically shows that these waves
cannot be associated with the upper hybrid resonance, since
waves associated with this resonance would have an electric
field orientation perpendicular to the local magnetic field
(Stix, 1962]. The basic two-stream instability responsible for
the generation of electron plasma oscillations is well known
and has been confirmed in some detail by Gurnett and Frank
[1975]. The principal questions that remain concern the details
of the double-peaked electron distribution function required
to produce thesc waves and the origin of the streaming elec-
trons causing the instability. In some cases, for example. in the
event analyzed by Gurnett and Frank [1975] and the events in
Figures 18-20 of this paper. it scems reasonably certain that
the streaming electrons originate from solar flare activity at the
sun. However. other cases occur in the Helios | data for which
no specific solar flare activity is known to occur, and in these
cases the streaming electrons may originate from local acceler-
ation processes in the solar wind. Further studies and com-
parisons with the plasma measurements are needed to under-
stand fully the conditions and circumstances which lead to the
generation of electron plasma oscillations in the solar wind.
Since electron plasma oscillations occur very infrequently, it
seems unlikely that these waves play a significant role in the
steady stale properties of the solar wind. These waves may,
however, play an important role in thermalizing the low-en-
ergy clectron streams which sometimes occur in the solar wind.
It is also of interest to comment on the very impulsive tem-
poral variations frequently observed for the plasma os-
cillations detected by Helios. Although the origin of these
amplitude fluctuations is not known. it is suggestive. partic-
ularly for the very intense events such as occur in Figure 20.
that these impulsive variations may be related to a parametric
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mstability. such ds the osaillating two-stream mnstability pro-
posed by Papadopoulos et af [1974] 10 stabilize electron
streams from solar flares.

The proper idenufication of the plasma wave mode respon-
sible for the ',” < 7 < {, noise is more difficult. This noise
almost certainly consists of electrostatic waves. since no ¢com-

parable magnetic field noise has ever been detected in the solar

wind. As was mentioned earlier. even though this noise occurs
at frequencies between electron and proton plasma frequen-
cies. it is not immediately certain that the noise has any direct
relationship 10 either of these frequencies because of the large
Doppler shifts which can occur in the solar wind. If the Dop-
pler shifts are small. Af/f << |, the most obvious plasma
wave mode which could be associated with this noise is the
Buneman mode [Buneman, 1958) at fg = (m 'm" ) [,  How-
ever. for the typical solar wind parameters T, = (2-6)T, the
Bunemun mode is not considered a very likels possibility for
explaining this noise. since this mode has a higher instability
threshold than the ion sound wave and requires a large elec-
tron drift velocity in relation to the ions to drive the instability.
Although such large drift velocities may occur at discontin-
uities in the solar wind. it seems uniikely that this instability
could occur over the large spatial regions for which the /- < f
< f,  noise is observed.

If the Doppler shifts are large. the most likely possibility for
< [ < [, noise is thought to be ion sound

explaining the /-
waves at [ > f,° which are Doppler-shifted to frequencies
above [, (requires wave vectors K directed awuy from the
sun). The possible occurrence of un ion sound wave instability
in the solur wind has been previously suggested and discussed
by Forsiund [1970]. Because ion sound waves have relatively
short wavelengths. the Doppler shift caused by the mouon of
the solar wind is large in comparison to the wave frequency of
~f," in the rest frame of the plasma. The frequency detected
in the spacecraft frame of reference is approximately

I=1,"+ (V'A)cos B

where " is the solar wind velocity. A is the wavelength. and #xy
is the angle between K and V. Since i, is typically not near
x/2, the upper cutofl frequency of the observed frequency
spectrum is mainly determined by the mimmum wavelength
L —— Amin). The minimum wavelength is controlled by
the onset ofstrong Landau damping and is approximately Am,s
= 2rA,. where A, is the Debve length. For typical solur wind
temperatures and densities at 1.0 AU, 7 = 1.0 x 10°°K.and

= 5¢m- 2. the minimum wavelength is approximately Agn =
61 m. For a solar wind velocity of 400 km s~ the correspond-
ing fmax is 6.3 kHz. which is in good agreement with the
observed upper cutoff frequency of the /[, < [ < f,” noise at
1.0 AU (compare with Figure 12). The increase in the upper
cutoff frequency with decreasing radial distance from the sun
and the apparent proportionality to /,” can be attributed to
the density dependence of the Debye length, which gives [,
= [, if the eleciron temperature remains constant.

Another possible explanation of the f,°
that it is caused by electron plasma oscillations at [ = f,~
which are Doppler-shifted to lower frequencies (K vectors
directed toward the sun). This alternative is considered un-
likely because for a two-stream instability. such plasma os-
cillations could only be produced by electrons streaming to-
ward the sun from a source besond 1.0 AL, which seems very
implausible. Other possible plusma wave modes imvolving K
vectors perpendiculur to B. such as the electron Bernstein
modes at [ = af,

< _[p‘
<f<f'n0lsets

-, appear to be ruled out because of the.
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electric hield direction. which s parablel to B (sex Figure 11
Of the +urous possihic explanations of the 70 - 7 -7 ¢
none we helieve that the 1on sound wave 1s the most hkd\
mode w hich could be associated with this noise. H these waves
Jre ion sound waves. then there remains the importunt gues-
tion of how these waves are generated and what effect thes
muay have on the macroscopic properties of the solur wind
Since these wuves apparently occur over large regions of the
solur wind and are not particularly associated with disconun-
uities or other small-scale features where large currents may be
present, the best possibility for generating these waves appears
1o be the heat Aux driven instability suggested by Forsiund
{1970]. Further detuailed compurisons with the Helios plasma
meuasurements are clearly needed to identify definitely the in-
stability mechanism involved in the generation of these wuves.
Although the maximum intensity of [,~ < [ < f, noise is
relatively small. with energy density ratios of typically
e,E? 2nhT > 10 ° this wurbulence may nevertheless play a
significant role in controlling the electron energy distribution
in the solur wind. since these waves are present a lurge fraction

{30-30% ) of the time.

After several vears of investigation [see Gurnett and Frank.
1975] the Helios plusma wave measurements have now tinalh
provided cleur evidence that intense electron plasma os-
cillations do occur in association with tyvpe Il radio events.
Rough estimates by Gurnert and Frank [1975] using the theory
of Papadopoulos et al. [1974) indicate that electron plasma
oscillations with field strengths of the order of 10 mV m ' are
required to expluin low-frequency type Il radio bursts. Field
strengths nearly this large (5.26 mV m~') have now been found
in association with a tvpe {Il burst. Although the clectron
plasma oscillation model originally proposed by Ginzburg and
Zheleznvakor [1938] can now be considered confirmed. there
are still many questions remaining concerning the exact mech-
anism by which the plasma oscillations are converted to rudio
emissions. The most significant question is still concerned with
the electric field sirength of the plasma oscillations required to
explain the power flux of the type [11 radio emission. If field
strengths this large are always required to produce a signifi-
cunt level of rudio emission. then it is surprising that such
events ure not found more often considering the large size of
the tvpe 111 radio source and the exiensive measurements
available from the Imp spacecraft near the earth [Gurnerr and
Frunk. 1975]. Considerable future work is still needed to eval-
uate the various mechanisms for converting the plasma os-
cillation energy to radio emissions and to investigate further
and understand the spatial structure of the type Il radio
emission.

When the Helios electric field measurements are compared
with the previous Pioneer 8 and 9 results, it is apparent that a
significant difference exists in the electric field spectrums and
intensities detected by these two spacecraft. Of the two
primary 1ypes of plasmu waves detected by Helios (the /- < f
noise and electron plasma oscillations) neither wus
detected by Pioneer 8 und 9. As can be seen by comparing the
spectrums in Figures 12 and 13 with the instrument noise levels
in Figure 4, the f,- < 7 < ;7 noise normally occurs with
intensities too small 1o be detected by Pioneer 8 und 9. Unusu-
ally intense electron plasmau oscillations. such as those in Fig-
ures. 20 and 21. could huve been detected by Pioneer 8 und 9:
however. such lurge intensities occur so seldom that it is not
surprising that events of this (ype were not observed. Thus
insofur u4s compurisons are possible. there is no disugreement
with the Pioneer measurements concerning the primary 0\ pes
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of plasma waves detected by Hehos | However. when the
waves und intensities detected by Pioneer 3 and Y gre com-
pared with Hehos measurements. signiticant differences are
evident. In describing the Proneer 3 and 9 results. Scarf e al.
[1968] and Scarl and Sicoe [1971] discuss the occurrence of
narrow band electric tields (at 400 Hz) 6f 1-10 mV m and
corresponding broadbund (equivalent 100-Hez sine wave) am-
plitudes as large as 20-50 mV . m ' In comparison, the peak
clectric field intensities detected by Helios are seldom lurger

than | mV m ' and are more typically a few hundred micro-

volts per meter. As was described by Siscoe et al [1971].
Pioneer detects 1wo principal types of plasma wuves in the

solar wind: noise bursts. or spikes, with durations of less than

approximately 10 s and persistent long-duration events lasting

typically | day or more. The short-duration noise bursts are

shown 1o be closely correluted with discontinuities (such us
shocks) in the solar wind, and the long-duration events are.
correlated with density enhancements preceding high-speed
streams. The spectrums of both types of noise consist primar-

ily of an intense low-frequency component at frequencies of |

< 400 Hz. The short-duration noise bursts have intensities as
farge as 10 mV m ‘(1.6 x 10°*V? m-2 Hz ') at 400 Hz, and
the long-duration events frequently have broadband (equiva-
lent 100-Hz sine wave) amplitudes exceeding 20 mV m~". In

comparison. Helios 1. which has a threshold sensitivily nearly

40 dB better than Pioneer 8 and 9 at 400 Hz (see Figure 4).
seldom detects any waves at all in the low-frequency (f < 400
Hz) channels. and even in cases where waves can be detected
{Figure 8). the intensitics are very low. typically not more than
10-30 uV m ' in the 311- and 562-Hz channels. Although it is
very difficult to compare the Helios multichannel measure-
ments with the Pioneer broadband measurements, which in-
volve certain assumptions regarding the shape of the spectrum
[Scarf et al.. 1973]. broadband intensities computed from the
Helios peuk spectrums. as shown in Figure 12, typically give
broadband fields (0.3-1 mV m~') which are much smailer
than the broadband amplitudes (20-50 mV m~*} from Pioneer
8 and 9.

At the present time the difference in the low-frequency
clectric feld intensities and characteristics given by Helios und
Pioneer is not understood. Comments on two of the fuctors
which could affect the comparisons between these (wo space-
craft are summarized below.

Solar activity.  Because the primury Helios mission is being
conducted during solar minimum conditions. whereas the Pio-
neer 8 and 9 measurements were made during 4 more active
period of the solar cycle (1968-1969). it is possible that

changes in the solar activity could account for some of the

differences in the electric field intensities obs¢rved by Pioneer
and Helios. This explanation could be important for the spike-
like bursts and associated disturbances observed by Pioneer in
association with interplanetary shocks. since the occurrence of
interplanetary shocks has been very low during the period of the
Helios observations. Many of the events discussed by Scarferal
[1973] are closely associated with interplanetary shocks and
have no counterpart in the Helios data currently available. Ina
few cuses. electric field spectrums qualitatively similar to the
shock-associated spikes and fong-duration events detected by
Pioneer ¥ and 9 have been detected by Imp 6 and 8; however,
the intensities 1n these cuses also appeur 10 be sigmticantly
smailer than the intensities observed by Pioneer ¥ and 9.
Warelengths horter than the untenna lengih. When the
plasmua density s sutficientiy large (7 z %0cm Yor T = 10
K5, 1t 15 possible for the mimmum wavelength of plasma

waves m the solar wind. M., ~ 2mA,.0 10 be fess than the length
of the Helios | antenna B wavelengths this short oceur, then
the electric held strengths are underestimated. possibly by
furge Tactor if A - L Two tests can be perfuormed with the
Helios data to venfy that the wavelengths heing detected are
longer than the antenna length First, if the wavelengths are
longer than the antenna, then the spin modulation pattern
Jhould be that of a simple dipole with two nulls per rotation.
As is evident in Figures 13und 17.both the f,© <[ <[, noise
and the electron plasma oscillutions clearly satisfy this crite-
rion. 1f A << (. then a much more complex spin modulation
pattern should occur with several nulls per rotation. Second. if

wavelengths of A << [y occur. then large Doppler shifts

should be evident 1n the electric field spectrums (except for the
unlikely case that K is exactly perpendicular to the solar wind
velocity). For the Helios | antenna, with /., = 8.0 m, wave-
lengths this short would have Doppler shifts greater than 30
kHz if a solur wind speed of 400 km s ' is ussumed. Doppler
shifts this large are never observed for the electron plasma
oscillations detected by Helios. and only the very highest fre-
quency components of the f,° < [ < [, noise (sec Figure 12)
could possibly be associuted with Doppler shifts this large (f
we assume that the noise consists of ion sound waves). It
should be noted that the intense low-frequency (/ < 400 Hz)
noise detected by Pioneer cannot be attributed 10 wavelengths
too short 1o be detected by Helios. since the Doppler shift for
these waves is not more than a few hundred hertz, implying
wavelengths of 10° m or more. We conclude that the occur-
rence of wavelengths shorter thun the Helios antenna length
cannot account for the difference between Pioneer and Helios
electric field measurements.
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Stereoscopic Direction Finding Analysis of a Type 1l Solar Radio Burst:
Evidence for Emission at 2f,~

D. A. GURNETT AND M. M. BAUMBACK

Depariment of Physics and Astronomy, University of lowa, lowa City. lowa 52242

H. ROSENBAUER!

Max-Planck-Institut fiir Physik und Astrophysik, Institut fir extraterrestrische Physik
8046 Garching, Germany

Stereoscopic direction finding measurements from the Imp 8, Hawkeye 1, and Helios 2 spacecraft over
base line distances of a substantial fraction of an astronomical unit are used to directly determine the
three-dimensional trajectory of a type 111 solar radio burst. By comparing the observed source positions
with the direct in situ solar wind plasma density measurements obtained by Helios | and 2 near the sun the
relationship of the emission frequency to the local plasma frequency can be determined directly without
any modeling assumptions. These comparisons show that the type I radio emission occurs near the
second harmonic, 2f,". of the local electron plasma frequency. Other characteristics of the type 111 radio
emission, such as the source size, which can be obtained from this type of analysis are also discussed.

INTRODUCTION

Stercoscopic direction finding measurements from the
Helios | and 2 spacecraft, in orbit around the sun, and from
the Imp 8 and Hawkeye 1 satellites, in orbit around the earth,
are used to track a low-[requency (<1 MHz) type 11l solar
radio burst in three dimensions, independent of modeling as-
sumptions concerning the emission frequency as.a function of
radial distance from the sun. By combining these radio direc-
tion finding measurements with direct in situ measurements of
the solar wind plasma density near the sun, the relationship
between the emission frequency and the local electron plasma
frequency f,~ can be determined. This relationship is of funda-
mental importance for understanding the mechanism by which
type 111 radio emissions are generated. As will be shown by a
detailed analysis of a type Il radio burst using this technique,
the. dominant emission occurs at the second harmonic, 2f, -, of
the electron plasma frequency.

Type 111 radio bursts are produced by electrons ejected from
a solar flare and are characterized by an emission frequency
which decreases with increasing time [Wild, 1950; Alvarez et
al., 1972; Frank and Gurneti, 1972; Lin et al., 1973]. The
decreasing emission frequency with increasing time is attrib-
uted to the decreasing electron density, hence electron plasma
frequency f,~ encountered by the solar flare electrons as they
move outward through the solar corona. According to current
ideas, the generation of type 111 radio emissions is a two-step
process in which (1) electrostatic clectron plasma oscillations
are produced at f,- by a two-stream instability and (2) the
plasma oscillations are converted to electromagnetic radiation
by nonlinear wave-wave interactions [Ginzburg and Zheleznya-
kov, 1958; Sturrock, 1961; Smith, 1974; Papadopoulos et al.,
1974; Gurnel: and Anderson, 1976]. At high frequencies, 210
MHz, radiation at both the fundamental and the second har-
monic of the electron plasma frequency can be detected in the
frequency-time spectrums of type 11l radio bursts [Wild et al.,
1954]. At lower frequencies, <10 MHz, the dispersion charac-
teristics of type 111 bursts are such that the fundamental and

" Now at Max-Planck-Institut fir Aeronomie, D-3411 Katlenburg-
Lindau 3. West Germany.
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second harmonic components cannot be easily resolved. Cur-
rent evidence based on statistical analyses of average burst
properties and various modeling techniques indicates that for
low frequencies the dominant emission is at the second harmo-
nic [Fainberg et al., 1972, Haddock and Alvarez, 1973, Fainberg
and Stone, 1974, Alvarez et al., 1975, Kaiser, 1975].

A determination of whether the radiation occurs at the
fundamental or second harmonic can be made by accurate
tracking of the trajectory of a type III burst. The first measure-
ments of the trajectory of a low-frequency type 11 radio burst
were obtained by Fainberg et al. [1972], using direction finding
measurements from the Imp 6 spacecraft. The technique used
consists of analyzing the spin modulation caused by the rotat-
ing antenna pattern to determine the direction of arrival of the
radio emission. For an electric dipole antenna oriented per-
pendicular to the spacecraft spin axis the spin modulation
gives the direction of arrival projected onto the plane of rota-
tion of the antenna. Since only one angle of the direction of
arrival is provided by this technique, additional assumptions
must be made to determine a unique trajectory for the type 111
burst. Using a model for the average emission frequency as a
function of radial distance from the sun derived from a statis-
tical analysis of the dispersion characteristics of many type 11
bursts, Fainberg et al. were able to determine the projection of
the type III bursts trajectory onto the ecliptic plane. Their
results showed that the trajectories projected onto the ecliptic
plane closely match the expected Archimedean spiral form of
the magnetic field in the solar wind [Parker, 1958].

Since the spin axis of Imp 6 is oriented perpendicular to the
ecliptic plane, no information could be obtained by Fainberg
et al. on the component of the trajectory out of the ecliptic
plane. Later measurements by Baumback et al. [1976 and
Fitzenreiter et al. [1977)], using two spacecraft with nearly
orthogonal spin axis orientations, provided two coordinates
of the direction of arrival so that the source position out of
the ecliptic plane could also be determined. However, even
with this technique it was still necessary to determine the
radial distance of the source from the sun on the basis of an
assumed model for the average emission frequency versus
radial distance.

Although trajectories obtained by using the average emis-
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sion frequency model have the correct qualitative character-
istics. large errors can occur in individual events because of
deviations of the solar wind density from the average model.
Furthermore, comparisons of the emission frequency with the

“local electron plasma frequency cannot be performed with

high accuracy because of the implicit requirement to assume a
model for the emission frequency as a function of radial dis-
1ance from the sun. As will be shown, the stereoscopic direc-
tion finding analyses used in this study completely eliminate
the need for any a priori assumption regarding the emission
frequency as a function of radial distance from the sun,
thereby providing a more direct method for determining the
relationship of the emission frequency to the local electron
plasma frequency.

INSTRUMENTATION AND METHOD OF ANALYSIS

Radio wave and plasma density measurements from five
spacecraft, Helios | and 2, Imp 7 and 8, and Hawkeye 1, are
used in this study. Helios |1 and 2 are in eccentric solar orbits
near the ecliptic plane with perihelion radial distances of 0.309
and 0.290 AU and aphelion radial distances of 0.985 and 0.983
AU, respectively. Imp 7 and 8 are in low-eccentricity earth
orbits near the equatorial plane at geocentric radial distances
ranging from about 23.1 to 46.3 Re. Hawkeye 1 is in a highly
eccentric carth orbit with the apogee located at a radial dis-
tance of 20.5 R, over the north pole. The radio wave measure-
ments presented are from very similar University of Towa
plasma wave instruments on the Helios 2, Imp 8, and Hawkeye
1 spacecraft. Details of these experiments are given by Kurth et
al. [1975] and Gurneu and Anderson [1977].

The plasma density measurements used in this study are
from the Max-Planck-Institut plasma experiments on Helios 1
and 2 and from the Los Alamos plasma experiments on Imp 7
and 8. Details of these instruments and the procedures used in

the data analysis are given by Schwenn er al. [1975] and As-

bridge et al. [1976).

In order to interpret the three-dimensional radio direction
finding measurements presented in this study it is important to
review briefly the method of analysis and the geometry used
for determining the source position. The direction of arrival of
a radio wave is determined by a least squares fit of the mea-

NORTH
ECLIPTIC POLE

Tawe 8

EARTH

l T (WaMEYE 1

ECLIPTIC PLANE

Fig. 1. The geometry used for the three-dimensional stereoscopic
direction finding with Imp 8, Hawkeye 1, and Helios. The spin modu-
lation gives the direction of arrival projected onto a plane per-
pendicular to the spacecraft spin axis. Imp 8 and Helios have their spin
axes perpendicular to the ecliptic plane, which gives the angles a, and
3. thereby determining the source position projected onto the ecliptic
plane. Hawkeye | has its spin axis nearly parallel to the ecliptic plane,
which gives the angle 3,. thereby determining the source position out
of the ecliptic plane.

sured clectric field intensities to a theoretical equation for a
spin modulation envelope given by

(EE.)= (| - -'2'1)— %cosﬂ(m -a)}

where £ is the measured field strength and ¢, is the corre-
sponding orientation angle of the electric antenna in the plane
of rotation. The parameters determined by the fitting proce-
dure, which is usually applied to a sequence of about 10 min of
data, are the direction of arrival a, the modulation factor m,
and the clectric field strength E,. As was mentioned earlier, it is
only possible to determine the direction of arrival projected
onto a plane perpendicular to the spacecraft spin axis. The
spin axis directions of both Helios and Imp 8 are oriented
perpendicular to the ecliptic plane as shown in Figure 1. Si-
multaneous direction finding measurements from Helios and
Imp 8 therefore give the angles a, and a, shown in Figure 1,
which uniquely determines the position of the source projected
onto the ecliptic plane. The spin axis direction of Hawkeye 1,
on the other hand, is oriented nearly parallel to the ecliptic
plane, which gives the angle of arrival 8, above the ecliptic
plane. As shown in Figure 1, these three angles, ay, as,
and 8., completely specify the position of the source. By per-
forming this analysis as a function of frequency the three-
dimensional trajectory of the type I1] burst can be determined.

ANALYSIS OF THE TYPE 111 RaD10 BURST
ON MAaRCH 23, 1976

Because of the low occurrence of solar flare activity during
solar minimum and various geometrical constraints the num-
ber of type 1 radio bursts which are currently available for a
detailed analysis is very small. One event for which all of the
spacecraft involved were in particularly favorable positions for
analysis occurred on March 23, 1976. The onset of time of this
event is at about 0843 UT as determined by ground high-
frequency radio measurements [NOAA, 1976]. No Ha solar
flare was detected at this time; however, a large X ray flare and
a solar electron event consistent with this onset time were
detected by both Helios | and Helios 2 (J. Trainor and A.
Richter, personal communication, 1976). The type Il radio
emission associated with this event was first detected by Helios
2 at about 0850 UT. The corresponding radio intensities de-
tected by Helios 2, Hawkeye 1, and Imp 8 are shown in Figure
2. At the time of this event, Helios 2 was east of the carth-sun
line, at an earth-sun-probe angle of 1.38° and a heliocentric
radial distance of 0.56 AU, and Helios | was west of the earth-
sun line, at an earth-sun-probe angle of 28.8° and a heliocen-
tric radial distance of 0.34 AU. The positions of Helios 1 and 2
projected onto the ecliptic plane are shown in Figure 3. The
type 111 burst was not detected by Helios |

The direction of arrival measurements obtained for this
event are summarized in Table 1. The time intervals used to
obtain the parameters given in Table | were selected on the
basis of a sliding average analysis, and only those intervals
which give a consistent direction of arrival for several con-
tiguous intervals were used in computing the average direc-
tions of arrival. Reliable fits were obtained for three frequen-
cies, 500, 178, and 100 kHz, from Imp 8, for two frequencies,
178 and 100 kHz, from Helios 2, and for one frequency, 178
kHz, from Hawkeve |. Although Table | shows results from
Hawkeve | for 100 kHz, the standard deViation and fluctua-
tions in the direction of arrival for this frequency are so large
that this measurement was not used in the subsequent analysis.
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Fig. 2. The electric field intensities detected by Imp 8. Huwkeve 1, and Helios 2 for the type 111 radio burst on day §3.
March 23, 1976. The larger intensities detected by Imp 8 are due to the longer antenna length, 121.8 m from tip to tip for the
Imp 8 plusma wave experiment, compared to 42.45 m for Hawkeye | and 32.0 m for Helios 2.

For all frequencies below 100 kHz the intensities and modula-
tion factors were too small to give a reliable fit.

The directions of arrival projected onto the ecliptic plane are
shown in Figure 3 for each frequency analyzed. The source
positions at 100 and 178 kHz are indicated by the correspond-
ing intersections of the directions of arrival from Imp 8 and
Helios 2 for these frequencies. The crosshatched regions give
the uncertainty in the source positions as determined from the
estimated errors in a, and a, (see Table [). Both the Imp 8 and
the Helios direction finding measurements clearly show a sys-
tematic eastward shift in the directions of arrival with decreas-
ing frequency and increasing radial distance from the sun,
characteristic of the typical Archimedean spiral trajectory of a
type lII burst. The best fit Archimedean spiral through the
source positions is shown in Figure 3. The equation used for.
the Archimedean spiral is

¢ =¢o— (2/Vswir

where ¢ and r are the heliographic longitude and radial dis- .
tance, V.w is the solar wind velocity, and @ is the rotational
velocity of the sun. The solar wind velocity is assumed to be
600 km s~'. As will be discussed in the next section, this solar
wind velocity is an approximate average value based on direct
measurements by Helios 2 and Imp 8, with an appropriate
delay to provide measurements in the source region. The tra-
Jectory of the type 11 burst in Figure 3 shows that the particles
which produced the radio emission were emitted slightly east
of the central meridian.

The trajectory of the type HI burst out of the ecliptic
plane, as determined by Hawkeye 1, is shown in the meridian
plane projection of Figure 4. Unfortunately, accurate source
positions in the meridian plane can only be obtained at one
frequency. [78 kHz, for this event. Nevertheless, this measure-
ment is important because it shows that the type I burst
trajectory is very close to the ecliptic plane.

From the modulation factors given in Table ! it is alsc
possible to estimate the apparent size of the source. As can be
easily shown, the modulation factor is sensitive to the angular
width of the source projected in the plane of rotation of the
antenna. The modulation factor is the largest for a poin
source and decreases monotonically with increasing source
size. The modulation factor is also affected by the angular
position of the source with respect to the spin plane of the

SUN
SO0 kM7, H
BEST FIT TYPE m H
RADIO BURST TRAJECTORY i
(Vgyy * 600 KM/SEC) \ ;
78 kM2 ;
178 uHz N o
HELICS
HELIOS 2
ECLIPTIC PLANE
PROJECTION
IMP 8, HAWKEYE !
EARTH

Fig. 3. The ecliptic plane projection of the source positions deter-
mined by triangulation from Imp 8 and Helios 2. The uncertainty in
the centroid of the source position is indicated b\ the crosshatched
regions at the intersections of the directions of arrival. The best fit
trajectory is an Archimedeun spiral through the observed source posi-
tions. The parumeters of the Archimedean spiral have been selected to
represent the expected configuration of the solar wind magnetic field
for a solar wind velocity of 600 km, s.
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TABLE I. Direction of Arrival Measurements Obtained for the March 23, 1976, Type 111 Radio Burst

Helios 2 Imp 8 Hawkeye |
Frequency.
kHz ay, deg m a,.deg m 8,. deg m
500 391 0.985
178 420+ 04 0.444 17412 0.809 41 £ 06 0.448
100 780 +4.1 0.047 154+06 0.521 247 = 94 0.130

antenna. Since the detailed shape of the source cannot be
determined from this type of analysis, some assumption must
be made concerning the form of the source intensity distribu-
tion. For this analysis we have assumed that the source con-
sists of a uniformly illuminated circular disk normal to the
direction to the sun and centered on the source position deter-
mined from the triangulation measurements. Because of the

geometric complexities the best fit source size must be deter-

mined by a computer fitting procedure which gives the best
agreement with the measured modulation factors. For 178 and
500 kHz, which are the only frequencies analyzed, the half
angles of the source regions as viewed from the earth are 36.5°
and 10.5°. It is evident that the source region of the type 111
radio emission at these frequencies is quite large. These source
sizes are probably larger than the true size of the radiating
region because of scattering in the interplanetary medium.

COMPARISON WITH THE SOLAR WIND DENSITY

Since the trajectory of the radio burst has been determined
without reference to any specific model for the emission fre-
quency, these results can now be compared with the in situ
plasma density measurements to determine the relationship of
the emission frequency to the local electron plasma frequency.
Fortunately, the trajectory of the type III burst passed very
close to the ecliptic plane, since this is the only region in which
plasma density measurements are available. For this event,
plasma densities can be obtained over a wide range of helio-
centric radial distances. Densities are available from Imp 7 and
8 at 1.0 AU, from Helios 2 at about 0.55 AU, and from Helios
1 at about 0.32 AU. As is shown in Figure 3, the trajectory of

T BEST FIT
. BURST TRAJECTORY

{“ r " n :

——
SN as 10 ALL

+
L

MERIDIAN PLANE
T THROUGH THE SOURCE

-+

Fig. 4. The observed source position of the type 11 burst in the
meridian plane. Unfortunately. reliable direction finding measure-
ments can only be obtained for one frequency, 178 kHz, from Hawk-
eve | during this event. This one measurement does. however. show
that the trajectory of the type [1] was very close 10 the ecliptic plane.

the type 111 burst passed eastward of all of these spacecraft.
Therefore it is not possible to determine the plasma densities in
the source region at the time of the burst. Instead the com-
parisons must be made a few days later, after the appropriate
time delays for the solar rotation to bring the magnetic field
line through the source region into coincidence with the space-
craft positions. The geometric considerations required to de-

_termine these time delays are illustrated in Figure 5, which

shows the trajectories of Imp 7 and 8, Helios 2, and Helios | in
a coordinate system fixed to the sun. The appropriate time
delays are approximately 3.9 days for Imp 7 and 8, 2.6 days for
Helios 2, and 8 days for Helios . Since the large-scale rota-
tional structure of the solar wind is usually quite consistent
and repeatable for several solar rotations during solar mini-
mum conditions, it is believed that any temporal changes
which may have occurred in the plasma density during this
few-day period should be small. Fortunately, the shortest de-
lay is for Helios 2, which passes the closest to the observed
source locations (compare Figures 3 and 5).

The solar wind plasma densities obtained from Imp 7 and 8,
Helios 2, and Helios | are shown in Figure 6. Although the
plasma instruments actually measure ion densities, the mea-
surements shown are equivalent electron densities computed
assuming the plasma to be electrically neutral. The time scales
in Figure 6 are adjusted so that measurements obtained at the
same heliographic longitude are aligned vertically. The points

. A, B, and C correspond to times when the spacecraft cross the

best fit trajectory of the type 1l burst. Although large varia-
tions in the electron density are evident, particularly in the Imp
7 and 8 data, the density is relatively smooth and constant in
the region near the type III burst trajectory. The density en-
hancement cvident at all three radial distances (day 87 at
Helios 1, days 83 and 84 at Helios, and days 85 and 86 at Imp 7
and 8) is evidently a corotating structure which has an Archi-
medean spiral structure similar to the type Il burst but dis-
placed approximately 20° westward in longitude. Com-
parisons with solar wind velocity measurements show that this
density compression precedes the onset of a high-speed stream,
following the well-known pattern discussed by Hundhausen
[1973].

When the electron plasma frequencies obtained from these
plasma densities arc compared with the observed emission
frequencies, consideration must be given to the uncertainties in
the position of the source and the apparent size of the source.
Although points A, B, and C in Figure 6 represent the best
estimate of the type Il trajectory, based on the Archimedean
spiral fit, these intersections are somewhat uncertain because
of our lack of knowledge of the exact structure of the solar
wind magnetic field. Point C probably has the largest error
because it represents an extrapolation by several tenths of an
astronomical unit into a region where the Archimedean spiral
angle is quite sensitive to the solar wind velocity. The solar
wind velocity, Ve = 600 km 57!, used in the Archimedean
spiral fit is in close agreement with the velocities measured by
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SUN

HELIOS 1
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TYPE II RADIO
BURST TRAVECTORY

[~ HELIOS 2
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/ —
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-30* LO Al

- / \

-1Q* o o*

HELIOGRAPHIC LONGITUDE
{REFERENCED TO THE EARTH AT 0850 UT, DAY 83)

Fig. 5. The trajectories of Imp 7 and 8, Helios 2. and Helios 1 in a coordinate system fixed to the sun. The spacecraft
intersect the best fit trajectory of the type 111 burst at the points marked A. B. and C. Point B represents the best position for
comparisons with the local plasma frequency. since this intersection is the closest to the observed source positions (compare
with Figure 3) and occurs at the shortest time (2.6 days) after the event.
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{REFERENCED TO THE EARTH AT 08%0 uUT, DAY 83)

Fig. 6. The electron densities observed by Imp 7 and 8, Helios 2. and Helios 1 for the several-day period after the type 11
event on day 83. The intersections with the best fit trajectory occur at points A, B. and C, as determined from Figure 3.
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Fig. 7. A comparison of the observed emission frequencies of the
type NI burst and the measured electron plasma frequencies as a
function of radial distance from the sun. Since the angular size of the
source is rather large, as viewed from the earth, the electron plasma
frequencies have been averaged over a longitude range of +10° cen-
tered on the points A, B, and C in Figure 6. The error bars give the
standard deviation of the electron plasma frequency over this interval.

Helios 2 and Imp 7 and 8. Point B, on the other hand, is
probably very accurate, since it is determined by an inter-
polation between measured source positions less than 0.2 AU
apart. Point A is also considered to be reasonably accurate,
since the Archimedean spiral model for the magnetic field is
less subject to errors close to the sun. Also, in the region close
to the sun the direction finding measurements (500 kHz in
Figure 3) show good qualitative agreement with the best fit
Archimedean spiral, even though exact source positions can-
not be determined by triangulation.

Because of the large apparent source size a choice must be
made concerning the size of the region over which the electron
densities are to be compared. Although the Imp 8 and Hawk-
eye 1 spin modulation measurements indicate that the source
subtends a half angle of about 40°, as viewed from the sun, this
source size is almost certainly determined by scattering and is
too large. This viewpoint is supported by the Helios 2 mea-
surements at 178 kHz which still have a sizable spin modula-
tion (m = 0.44, which corresponds to a half angle of about 46°
for a uniformly illuminated disk), even though the spacecraft
is only 18° in heliographic longitude from the center of the
source. These results suggest that the angular size of the source
is of the order of 10°~15° hall angle, as viewed from the sun,
or possibly even smaller. On the basis of these estimates of the
source size we have averaged the electron density measure-
ments over a region of +£10° heliographic longitude on either

side of the centroid of the source as determined by the points

A, B, and C in Figure 6.

The average electron plasma frequencies within the £10°
regions centered on points A, B, and C are shown in Figure 7,
plotted as a function of heliocentric radial-distance. The stan-
dard deviation of the plasma frequency in each region is also
shown by the error bars in Figure 7, to indicate the range of

variability of the plasma frequency in the assumed source
region. The electron plumnrf?;que:ycy is also considered to be
uncertain by about +15% because of instrumental limitations
in the absolute density determination. Also shown in Figure 7
are the observed type I1] emission frequencies and their cor-
responding heliocentric radial distances, as determined from
the triangulation measurements in Figure 3. The error limits
on the emission frequencies and radial distances, indicated by
the cross-hatched regions, are determined by the filter band-
widths (£7.5%) and the uncertainties in the triangulation
measurements.

The systematic decrease in the solar wind plasma frequency
and the type Il emission frequency with increasing heliocen-
tric radial distance is clearly evident in Figure 7. The electron
plasma frequencies are seen to be in good agreement with the
expected 1/R variation with radial distance, as indicated by
the solid line. The emission frequencies are in all cases sub-
stantially above the local electron plasma frequency, too far
removed to be consistent with generation of the radiation at
fo~. For comparison the second harmonic of the electron
plasma frequency, 2f,", is shown by the dashed line in Figure
7, based on the 1/R curve through the average plasma frequen-
cies. The observed emission frequencies are seen to be in
reasonably good agreement with the second harmonic, 2f,",
much better than for the fundamental, f,-,

SUMMARY AND Discussion

By using long base line stereoscopic direction finding mea-
surements from the Imp 8, Hawkeye 1, and Helios 2 spacecraft
the three-dimensional trajectory of a type I1] solar radio burst
has been determined and analyzed. In contrast to previous
direction finding analyses of type 11l radio bursts the trajectory
in this case was obtained completely independent of any mod-
¢ling assumptions regarding the radial dependence of the emis-

~sion frequency. Comparisons of the observed emission fre-

quencies with the plasma densities measured along the
trajectory were used to determine whether the radiation is
generated at the fundamental, f,~, or second harmonic, 2f,-,
of the local electron plasma frequency. For the event analyzed
the results show that the radio emission is generated near the
second harmonic, 2f,~, and not at the fundamental.

In considering possible uncertainties in our result, several
factors must be considered. The primary uncertainties in the
analysis are concerned with (1) the constancy of the solar wind
density distribution from the time the event occurred until the
time that the density measurements were obtained, (2) the size
of the source, and (3) the plasma densities out of the ecliptic
plane. The temporal stability of the rotating solar wind struc-
ture during the period of interest is supported by the close
agreement between the solar wind velocity and density varia-
tions observed by Imp 7 and 8 ncar the earth and by Helios |
and 2 closer to the sun and by the fact that the solar wind
sector structure is relatively steady and repeatable for several
solar rotations during solar minimum. The uncertainty regard-
ing the source size arises because of the necessity for com-
paring a large-scale average property, the emission frequency,
with a series of local measurements. Because of the presently
unknown role of scattering in the interplanetary medium the
actual source size is not easily related 10 the apparent source
size given by the modulation factor measurements. Since the
actual source size is not well known, except for an upper limit,
the size of the region over which the electron density must be
averaged to compute the ‘average’ electron plasma frequency
is not accurately known. Fortunately, the spatial variations in
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the plasma frequency are not so large that the basic conclusion
is affected by the assumed size of the source region. Even if the
source size is increased by a factor of 2 or more, the electron
plasma frequencies detected by Helios | and 2 are not changed
sufficiently to be consistent with generation of the radiation at
the fundamental. Another limitation is that in situ plasma
density measurements are only available near the ecliptic
plane. It is of course possible that the plasma density is unex-
pectedly large in the region away from the ecliptic plane, in
which case the radiation could be generated at the fundamen-
tal and still be consistent with our measurements. Since the
centroid of the source is located very close to the ecliptic plane
(see Figure 4), this hypothesis is not considered very likely.
since it would require that the average plasma density increase
symmetrically, by at least a factor of 4, withina few degrees on
cither side of the ecliptic plane. Considering the observed
range of longitudinal variations, such large latitudinal varia-
tions of the plasma density away from the ecliptic plane seem
quite unlikely.

The conclusion of this investigation, that the low-frequency
type 111 radio emission is generated at 2f,". is consistent with
and confirms the earlier results of Fainberg et al. {1972]. Had-
dock and Alvare= [1973), Fainberg and Stone [1974], Alvarez et
al. [1975], and Kaiser [1975]. The main advantage of this study
is that the relationship is determined directly by comparisons
with in situ measurements rather than relying on an assumed
model for the radial dependence of the emission frequency
and/or average statistical properties of the solar wind.

Acknowledgments. The authors express their thanks 1o William
Feldman from the Los Alamos Scientific Laboratory for providing the
Imp 7 and 8 plasma densities and velocities used in this study. The
research at the University of lowa was supported in part by NASA
under contracts NASS-11431, NASI-13129, and NASS5-11279 and
grant NGL-16-001-043 and by the Office of Naval Research.

The Editor thanks D. F. Smith for his assistance in evaluating this
paper.

REFERENCES

Alvarez. H.. F. T. Haddock. and R. P. Lin. Evidence for electron
excitation of type 111 radio burst emission, Sofar Phys.. 26. 468,
1972.

Alvarez. H.. R. P. Lin. and S. J. Bame, Fast solar electrons. inter-
planetary plasma and km-wave type-111 radio bursts observed from
the Imp-6 spacecraft. Solar Phys., 44. 485, 1975.

Asbridge. J. R.. S.J. Bame, W. C. Feldman, and M. D. Montgomery,
Helium and hydrogen velocity differences in the solar wind, J.
Geophys. Res.. 81, 2719, 1976.

Baumback, M. M.. W.S. Kurth, and D. A. Gurnety, Direction finding
measurements of type [11 radio bursts out of the ecliptic plane. Solar
Phys.. 48, 361, 1976.

Fainberg. J.. and R. G. Stone, Satellite observations of type Il solar
radio bursts at low frequencies, Space Scr. Rev.. 16, 145, 1974,

Fainberg. J.. L. G. Evans, and R. G. Stone. Radio tracking of solar
energetic particles through interplanetary space. Science. 178, 743
1972.

Fizenreiter. R. J.. J. Fainberg, R. R. Weber. H. Alvarez. F. T
Haddock. and W. H. Potter, Radio observations of interplanetary
magnetic Aeld structures out of the ecliptic. Solar Phys., 52. 477.
1977.

Frank. L. A.. and D. A. Gurnett, Direct observations of low-energy
solar electrons associated with a type 11l solar radio burst, Solar
Phys., 07, 446, 1972,

Ginzburg. V. L., and V. V. Zheleznyakov, On the possible mechanism
of sporadic solar radio emission (radiation in an isotropic plasma,
(in Russian). Soc. Astron. AJ, 2, 653, 1938.

Gurnett. D. A.. and R. R. Anderson, Electron plasma oscillations
associated with type 111 radio bursts, Science. 194, 1159, 1976.

Gurnett, D. A.. and R. R. Anderson. Plasma wave clectric fields
in the solar wind: Initial results from Helios 1. J. Geophys. Res.
X2, 632, 1977,

Haddock. F. T.. and H. Alvarez. The prevalence of second harmoni:
radiation in type 11 bursts observed at kilometric wavelengths.
Solar Phvs.. 29, 183, 1973.

Hundhausen. A. J.. Nonlinear model of high-speed solar wind
streams, J. Geophvs. Res., 78, 1528, 1973.

K aiser. M. L.. The solar elongation distribution of low freguency
radio bursts. Solar Phys., 45, 181, 1975,

Kurth. W.S.. M. M. Baumback, and D. A. Gurnett, Direction-finding
measurements of auroral kilometric radiation, J. Geophys. Res.. $0.
2764, 1975.

Lin. R. P.. L. G. Evans, and J. Fainberg. Simultancous abservations
of fast solar electrons and type 111 radio burst emission near | AL.
Astrophvs. J.. 14, L191, 1973

NOAA. Solar Geophvsical Data. vol. 385, part 11, p. 22. Sept. 1976.

Papudopoulos. K., M. L. Goldstein, and R. A. Smith, Stabilization of
electron streams in type 11 solar radio bursts, Astrophys. J.. 196,
175, 1974.

Parker. E. N.. Dynamics of the interplanetary gas and magnetic ficlds.
Astrophyvs. J.. 128, 664, 1958,

Schwenn. R.. H. Rosenbauer, and H. Miggenrieder, Das Plasmacx-
periment auf Helios (El), Raumfahrtforschung. 19(5), 226. 1975
Smith. D. F.. Type 11 radio bursts and their interpretation. Space Sc1.

Rec.. 16, 91, 1974,

Sturrock. P. A.. Spectral characteristics of type 111 solar radio bursts.
Nature, 192, 58, 1961.

Wild. J. P.. Observations of the spectrum of high-intensity solar rad:a-
tion at metre wavelengths, 111, Isolated bursts, Aust. J. Sci. Res., 43,
541, 1950.

Wild. J. P.. M. D. Murray, and W. C. Rowe, Harmonics in the spectra
of solar radio disturbances, Aust. J. Phys., 7. 439, 1954,

(Received April 4. 1977
accepted August 30, 1977.)

~——



VvOL. 83, NO. Al JOURNAL OF GEOPHYSICAL RESEARCH JANUARY 1! 1978

Ion Acoustic Waves in the Solar Wind

D. A. GURNETT AND L. A. Frank

Department of Physics and Astronomy, University of lowa. lowa City, lowa 52242

Plasma wave mcasurements on the Helios | and 2 spacecraft have revealed the occurrence of electric
field turbulence in the solar wind at frequencies between the electron and ion plasma frequencies. Wave-
length measurements with the Imp 6 spacecraft now provide sirong cvidence that these waves are short-
wavelength ion acoustic waves which are Doppler-shifted upward in frequency by the motion of the solar
wind. Comparison of the Helios results with measurements from the carth-orbiting Imp 6 and 8 spacecraft
shows that the ion acoustic wave turbulence detected in interplanetary space has characteristics essentially
identical to those of bursts of electrostatic turbulence generated by protons streaming into the solar wind
from the earth’s bow shock. In a few cases, enhanced ion acoustic wave intensities have been observed in
direct association with abrupt increases in the anisotropy of the solar wind clectron distribution. This
relationship strongly suggests that the ion acoustic waves detected by Helios far from the earth are
produced by an electron heat flux instability, as was suggested by Forslund. Possible related mechanisms
which could explain the generation of ion acoustic waves by protons streaming into the solar wind from

"

the carth’s bow shock are also considered.

INTRODUCTION

Plasma wave measurements on the solar-orbiting Helios 1
and 2 spacecraft [Gurnets and Anderson, 1977] have recently
revealed the occurrence of significant levels of electric field
turbulence in the solar wind at frequencies from about 1 to'10
kHz, between the electron and ion plasma frequencies. In this
paper we expand the initial investigation of this turbulence and

present evidence that this turbulence consists of short-wave-

length ion acoustic waves<below the ion plasma frequency
which are Doppler-shifted upward in frequency by the motion
of the solar wind. Measurements are presented both in inter-
planetary space, from Helios 1 and 2, and in the solar wind
upstream of the earth’s bow shock, from Imp 6 and 8. These
data provide a comprehensive description of the spectrum, po-

larization, wavelength, and other essential characteristics of

the turbulence. Comparisons are also made with the ambient

plasma parameters under a variety of conditions to identify the
origin of these waves. In intérplanetary space, far away from
the carth, the primary mechanism for producing the ion acous-
tic waves is believed to be the clectron heat flux instability
suggested by Forslund [1970]. Near the earth, however, the
same types of waves are often observed to be associated with
low-energy (1-10 keV) protons streaming toward the sun from
the earth’s bow shock. Thus more than one mechanism is
apparently operative in the solar wind to destabilize the ion
acoustic mode. As will be discussed, similar mechanisms,
based on an induced drift between the solar wind electrons and
protons, are believed to account for both the heat flux and the
proton streaming instabilities.

In the initial description of the ion acoustic wave turbulence
by Gurnett and Anderson [1977] this turbulence was called f,*
< f < f,~ noise. This terminology was chosen on a strictly
observational basis, since the largest intensities usually occur
in the frequency range between the clectron and ion plasma
frequencies f,~ and f,*. As detected by Helios | and 2, the
maximum single-channel (+10% bandwidth) electric field am-
plitudes of the f,* < f < f,” noise are typically a few hundred
microvolts per meter. The electric field strength of this noise is
very impulsive, consisting of many brief bursts lasting for only
a few seconds. When it is viewed on a time scale of several
hours or more, the f,* < f < f,” noise is present a large

Copyright ® 1978 by the American Geophysical Union.
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fraction (30-50%) of the time. The noise is observed over the
entire range of the Helios orbits from about 0.3to 1.0AU. The
frequency spectrum of the f,* < f < f,~ noise shows a system-
atic variation with radial distance from the sun, shifting to-
ward higher frequencies closer to the sun. Spin modulation
measurements show that the electric field of the noise tends to
be aligned along the direction of the magnetic field in the solar
wind. Gurnett and Anderson discussed the possible plasma
wave modes which could account for the f,* < f < f,~ noise
and concluded that the noise could be produced by either the
Buneman [1958] mode or the ion acoustic mode, the ion acous-
tic mode being the most likely.

HELIOS OBSERVATIONS IN INTERPLANETARY SPACE

Since more data have now been analyzed from the Helios
plasma wave experiments, a much more detailed analysis of
the f,* < f <[, noise detected by Helios in the interplanetary
medium can be provided than was given in the initial survey by
Gurnett and Anderson [1977]. For details of the Helios 1 and 2
plasma wave instrumentation, see the paper by Gurnert and
Anderson [1977]. A typical example of the f,* < f < f,~ noise
detected by Helios 2 is shown in Figure 1. Helios 2 at this time
is near the earth-sun line at a heliocentric radial distance of
about 0.45 AU. The solid lines for each frequency channel in
Figure 1 show the peak electric field intensities over 40.0-s
intervals, and the vertical bars (solid black areas) indicate the
corresponding average clectric field intensities. The intensity
scales are logarithmic with a total range of 100 dB from the
bottom of one channel to the bottom of the next adjacent
channel. The f,* < f < f,™ noise is evident as a broad band of
noise extending from about 1.0 to 17.8 kHz, roughly between
the electron and ion plasma frequencies f,~ and f,*, as in-
dicated on the right-hand side of Figure [. A typical spectrum,
selected from Figure 1 at a time of nearly maximum intensity,
is shown in Figure 2. The broad peak in the spectrum between
the electron and ion plasma frequencies is clearly evident. The
relationship to the local electron and ion plasma frequencies
fo* < f< {," is believed to be mainly fortuitous, since as will
be shown later, the frequency spectrum is strongly Doppler-
shifted by the motion of the solar wind. Both Figure | and
Figure 2 show that the peak field strengths of the f,* < f< [~
noise are much larger than the average field strengths, in-
dicating that the noise is very impulsive. The detailed temporal
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Fig. 3. Very high time resolution measurements from Figure 1,
showing the impulsive burstlike temporal structure of the f,* < [ <
[, noise.

variations are illustrated in Figure 3, which shows a very high
time resolution snapshot of the electric field intensities stored
in the spacecraft memory from the event in Figure 1, at about
0257 UT. These high time resolution’ measurements show that
the f,* < f < f,~ noise consists of many short bursts lasting
only a few tenths of a second. The individual bursts have a
very broad bandwidth and tend to occur simultancously across
a broad range of frequencies. Occasionally, high time resolu-
tion measurements, such as those in Figure 3, show distinct
evidence of spin modulation caused by the rotation of the
electric antenna. A brief period in which such spin medulation
is apparent occurs from about +12 to +15 s in the 1.78-kHz
channe!l in Figure 3. The spin modulation consists of two
maxima and two minima in each 1-s rotation of the spacecraft.
In most cases the extremely rapid temporal variations make it
very difficult to determine the phase of the spin modulation
accurately. However, by averaging a long series of measure-
ments the detailed spin modulation pattern can usually be
identified. An example of one such series of measurements is
illustrated in Figure 4, which shows the electric field intensity
distribution above a fixed percentage occurrence level (10 and
20%) as a function of the antenna orientation angle ¢ss*. A
long (1 hour) analysis interval is used to reduce statistical
fluctuations. These data show that the maximum electric field
intensity occurs when the antenna is oriented approximately
parallel to the solar wind magnetic field. Individual high time
resolution measurements of the spin modulation, such as those
in Figure 3, also show the same relationship. From these
measurements it is concluded that the electric field of the f,* <
[ < [, noise is oriented approximately parallel to the static
magnetic field in the solar wind.

To illustrate the approximate fraction of the time that the
f,* < f < f, noiseis present in the solar wind, Figure 5 shows
the peak and average field strengths for one complete solar
rotation. The four frequencies shown in Figure 5 are selected
to cover the range of frequencies in which the f,~ < f < f,~
noise is normally observed. Here, as in Figure 1, the peak and
average field strengths are shown by lines and vertical bars. A
time interval of 36.0 min is used for both the peak and the

.

average ficld strength calculations. It is evident from Figure 5
that peak clectric field amplitudes of a few hundred microvolts
per meter are present in the frequency range from 1.78 t0 5.62
kHz a substantial fraction of the time. Occasionally, bursts of
f,* < [ < [,” noise are scen to extend into the 562-Hz and
17.8-kHz channels. Because of the long interval for the peak
determination the compressed time scale presentation in Fig-
ure 5 tends to enhance the apparent occurrence of the f,* < f
< f," noise, since cven one short burst during any given 36-
min interval will register in the peak measurements. Never-
theless, these data show that bursts of f,* < [ <, noisearea
common feature of the solar wind, since during any given 36-
min interval a few bursts are normally detected. Occasionally,
quiet periods occur. However, some turbulence is usually de-
tected in any given 36-min interval. Sometimes, distinct en-
hancements are evident for periods of several days, for ex-
ample, from November 21 to November 23 and from
November 27 to November 29.

To investigate the variation in the spectrum of the f,* < f <
fp~ with radial distance from the sun, a detailed statistical
analysis has been performed on all of the available Helios |
data, consisting of approximately two complete orbits around
the sun. The results of this analysis are summarized in Figure
6, which shows the distribution of electric ficld strengths de-
tected in each frequency channel as a function of radial dis-
tance. The electric field strengths used in this analysis are 36-
min peak values, comparable to those in Figure 5. The electric
field strength contours shown in Figure 6 correspond to in-
tensities which are exceeded a fixeg fraction (5 and 10%) of the
time. The portion of the overall spectrum attributed to the It
< [ < {,” noise is indicated by the shaded areas. The steeply
rising spectrum at low frequencies (<500 Hz) is caused by
interference from the spacecraft solar array (also evident in
Figure 1). The isolated peaks in the spectrum at high frequen-
cies (230 kHz) are caused by narrow-band clectron plasma

T
N
! frafe ty
E P [
~ NOISE A 3§ SN
g ¢
5 f: 562 kHz e
> DAY 348, DEC. 14, 1974
- ANTENNA
d 1310 TO 1510 UT HELIOS
% R = 0.98 A.U.
d D‘IZ — —
4 E -8 +83
5 i 1
w
% L
1723
a '0'(3 — —
« E 0% P4 3
P ’ v p
2 . Ny \ s
5 . Rl
(1Y)
-
W
g
.
. 10
~Nyla -1eo -90 0 +90 +180

¢2E' ANTENNA-SUN ANGLE, DEG

Fig. 4 Angular distribution of the electric field intensity of the f,~
< [ < [, noise, showing that the electric field of this noise is oriented
approximately paralle] to the solar wind magnetic field.



GURNETT AND FRANK: ION ACOUSTIC WAVES IN THE SOLAR WIND

4 i l i L L L l i 1 1 L .1. e 1 1 i l A i L 1 l L L 1

1072 4 17.8 kHz +8%

-44
T
IE N N I v AA \,’ ) l
@ 1076 4 : |
§ 102 4 foh < f<ty NOISE 562 kHz $8%
E 5] h\/ \ '
BRI vy ok Wb [y gt
A LAY Y L. DALY
o 1524 178 kHz $10%
@
gt . } "
¢ 3 M Moy 0Ny gy
5168 , : )
3 1024 562 kMz  £10%

164 } l J‘* A

- K UoN ’ « \WrW“\/ ‘\ Y ‘\p“l}' ] Ml

|0‘6“ i 14
DATE NOV 2 26 DEC | 6 "
RIAU) 888 94 936 954 968

HELIOS |, 1975

61

Fig. 5. Compressed time scale plot showing the clectric field intensities for one solar rotation. Each peak and each
average point represent a 36-min interval. These data show that a low level of f,* < f < f,~ noise, at amplitudes of {0-100
uV m~' is present in the solar wind a substantial fraction of the time.

oscillations comparable to the event in Figure I at about 0700
UT. These plasma oscillations are directly associated with
encrgetic electrons streaming outward from the sun [Gumett
and Frank. 1975} and are often directly associated with type 111
solar radio bursts [Gurnert and Anderson, 1976]. Although

narrow-band electron plasma oscillations are easily distin-

guished from the f,* < f < f,~ noise, no attempt was made to
separate the two types of waves for the statistical analysis in

Figure 6, since the ptasma oscillations occur very infrequently.
Figure 6 clearly shows that both the upper cutofl- frequency

and the intensity of the f,* <-f < f,~ npise increase with
decreasing radial distance- from the sun. A rough analjsis
indicates that the upper cutoff frequencies of the f,* < [ < f,~
noise and.-the frequency-of the clectron plasma escillations
vary approximately as /R, where R is the heliocentric radial
distance. The radial variation of the f,* < f < f,~ noise
intensity is shown in more detail m Figure 7, which gives the
distribution of broadband electric field strengths as a function
of the radial distance from the sun. The broadband electric
field strengths used in this analysis are calculated by in-
tegrating the individual 36-min peak electric field spectrums
from 562 Hz to 31.1 kHz. As can be seen from Figure 6, the
main contribution to the f,* < f < f,~ noise spectrum usually
occurs in this frequency range. The frequency of occurrence
contours in Figure 7 clearly show the increase in the f,* < f <
f»~ noise intensity with decreasing radial distance from the
sun. A best fit analysis of the broadband field strength as a
function of the radial distance, a power law radial distance
dependence being assumed, indicates that the clectric field
strength also varies approximately as I/R.

IMP 6 AND 8 OBSERVATIONS UPSTREAM OF
THE EARrTH’S Bow SHock

Waves essentially identical to the f,* < f < f,- noise de-
tected by Helios are also commonly observed by the Imp 6 and

8 spacecraft in the solar wind upstream of the earth's bow
shock. See the description by Gurnets [1974] of the plasma
wave instrumentation on Imp 6 and 8. As will be shown, some
of the f,* < f < f,~ noise bursts detected by Imp 6 and 8 are
clearly of terrestrial origin, whereas others appear to be of
interplanetary origin, as is true in the Helios observations.
Figures 8, 9, and 10 illustrate some typical examples of the f,*
< f < f,™ noise detected by Imp 8 upstream of the bow shock.
Figure 8 shows an example of an earth-related event in which a
burst of f,* < [ < f,~ noise, from about 0920 10 1115 UT, is
closely associated with the arrival of a stream of low-energy
protons from the earth’s bow shock. The corresponding
charged particle measurements from the University of lowa
low-energy proton-electron differential energy analyzer (Le-
pedea) on Imp 8 are shown in Plate 1. Details of this spectro-
gram display of the charged particle intensities and the Le-
pedea instrumentation are given by Frank et al. [1976). The
sunward streaming I- to 10-keV protons associated with the
fo* <[ <[, noise are clearly evident in the second, third, and
fourth spectrograms from the top in Plate 1, between about
0920 and 1115 UT, in almost exact coincidence with the burst
of f;* < f < f,” noise. These spectrograms represent viewing
directions looking toward local evening, local midnight, and
local morning, respectively. The direction of motion of the
protons can also be seen from the sector spectrogram in Plate
I, which shows that the protons are streaming toward the sun
with directions of arrival in the range 120° < ¢gort < 300°
(solar ecliptic coordinates). Imp 8 at this time is located up-
stream of the carth at a local time of about 14.5 hours and a
geocentric radial distance of about 41 Rg. The observed direc-
tions of arrival correspond closely with the expected directions
of motion for particles originating from the vicinity of the
carth. The velocity distribution function for these protons,
measured along directions approximately parallel to the earth-
sun line, is shown in Figure 11, along with the ambient solar
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Fig. 6. Statistical survey of the 36-min peak field strength
complete orbits around the sun. Thesc data show that both

measurements of th
the frequency and

¢ type shown in Figure 5 for a total of two
the amplitude of the f,* < [ < f,™ noise

increase systematically with decreasing radial distance from the sun, with fmes = /R,

wind distribution determined from the Los Alamos plasma
instrument on Imp 8 (W. Feldman, personal communication,
1977). As can be seen in Figure {1, the protons streaming into
the solar wind produce a very pronounced double peak in the
proton distribution function. Possible mechanisms by which
these sunward streaming protons can generate f,* < f < f,~
noise are considered later.

The upstream f,* < [ < f,” noise associated with protons
arriving from the earth’s bow shock, such as that in Figure 8,
almost certainly corresponds to the electrostatic noise first
reported by Scarf et al. [1970] upstream of the bow shock from
Ogo 5. In comparison to the [~ < [ < />~ noise detected by
Helios the upstream waves detected by Imp 8 have essentially

identical characteristics. In both cases the noise is electrostatic
and extends with comparable intensities from about 562 Hz 1o
10 kHz, between the electron and ion plasma frequencies. The
peak electric field strengths are much greater than the average
electric field strengths, as is true in the Helios measurements,
and angular distributions, such as those in Figure 12, show
that the wave electric ficld is aligned approximately parallel to
the solar wind magnetic field, also in agreement with the
Helins observations. From all available evidence the elec-
trostatic waves generated upstream of the earth by protons
arriving from the bow shock are essentially identical to the I
< f < f,” noise detected by Helios far from the earth. These
comparisons indicate that the same basic plasma wave mode is
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involved in both types of noise. The detailed mechanisms by
which the noise is generated must, however, be quite different
in the two cases, since protons from the earth’s bow shock
cannot possibly produce the waves detected by Helios far from
the earth.

Not all of the /,* < f < f,~ noise bursts detected by Imp 8
are associated with protons arriving from the bow shock.
Figure 9, for example, shows a sequence of f,* < [ < f,” noise
events extending over an entire day which are not related to
upstreaming protons. The corresponding Lepedea spectro-
grams in Plate 2 for the same day demonstrate that no sun-
ward streaming protons are detectable during these events,
except possibly for the event around 1300-1400 UT. The mag-

netic field during this day is often close to the ecliptic plane, so

there is no possibility that the Lepedea, which scans viewing
directions in the ecliptic plane, would not be able to detect
protons streaming along the magnetic field from the bow
shock. The corresponding electron spectrograms in Plate 2
also show no abrupt changes in the electron distribution func-
tion which can be clearly related to variations in the f,* < f <
[,~ noise intensity. Events of this type, for which no earth-
related source can be identified, constitute about 30-50% of all
of the f,~ < f < f,~ noise events detected by Imp 8 upstream
of the bow shock. These events evidently correspond to the
interplanetary f,* < f < f,~ noise commonly detected by
Helios far from the earth, since no earth-related source can be
identified.

To try to identify the feature of the solar wind charged
particle distribution which produces the interplanetary (non
earth related) f,* < f < f,” noise, the Imp 8 Lepedea and
plasma wave data have been examined for correlated events
which would indicate the origin of the instability. Several
events have been identified which strongly indicate that the
anisotropy associated with the electron heat flux in the solar
wind plays an important role in producing the f,* < f < f,-
noise. One such event, which occurred during a disturbed
period on July 5, 1974, is illustrated in Figure 10 and Plate 3.
In this case a pronounced burst of f,* < f < f,” noise occurs

from about 1645 to 1930 UT, preceded by a shorter burst from
about 1540 to 1600 UT. The Lepedea spectrograms in Plate 3
clearly show that no protons are arriving from the earth’s bow
shock during this time, so these waves must correspond to the
interplanetary f,~ < f < f,~ noise. The enhanced background,
evident in the proton spectrogram throughout the period
shown in Plate 3, is caused by an energetic solar cosmic ray
event. Close examination of the electron sector spectrogram in
the second panel from the bottom in Plate 3 shows that the f,*
< f < f,” noise occurs during a period when a substantial
anisotropy is present in the solar wind electron distribution.
The maximum intensities occur for Lepedea viewing directions
in the range 0° < pset £ 90°, which are approximately sym-
metrical with respect to the magnetic field direction, ¢se? =
45°, during this period. This anisotropy is representative of a
substantial streaming of electrons along the magnetic field
away from the sun. The electron velocity distribution indicates
that these electrons correspond to the high-temperature ‘halo’
electrons which provide the main contribution to the heat flux
in the solar wind [Feldman et al., 1974]. The anisotropy evident
in Plate 3 corresponds to an unusually large electron heat flux
away from the sun, directed along the solar wind magnetic
field. The detailed variations of the electron velocity distribu-
tion function at a fixed energy and the corresponding 1.78-kHz
electric field intensity variations are shown in Figure 13 near
the beginning of the event. The electron distribution function
is shown in two directions, ¢sgt = 34° and 124°, which are
approximately parallel and perpendicular, respectively, to the
average magnetic field directions projected onto the ecliptic
plane during this period. The interpretation of these data is
somewhat complicated by variations in the magnetic field di-
rection. Before about 1610 UT the magnetic field is too far out
of the ecliptic plane, 8s:® 2 60°, for accurate measurements of
the anisotropy parallel and perpendicular to the magnetic
field. However, after about 1610 UT the magnetic field is
sufficiently close to the ecliptic plane, 85¢% < 30°, for good
anisotropy measurements. As can be seen from Figure 13,
after about 1650 the intensities at g5zt = 34°, looking along



the magnetic field toward the sun, increase substantially above - -
the intensities at ¢ = 124°, perpendicular to the magnetic
field. Comparisons with the 1.78-kHz electric field intensities
show that the onset of the f,* < f < f,” noise is closely
correlated with the increase in the anisotropy of the electron
distribution. The burst of noise at about 1550 UT is also seen
to be correlated closely with the increase of electron intensities
in the direction ¢sel > 34° at about 1552 UT. Even though
Bse? is large at this time, this burst must be associated with an
anisotropic component streaming along the magnetic field,

since the intensity perpendicular to the magnetic field, pget = ‘
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124°, shows no comparable increase. The evidence that the f,*
< f < f,~ noise is associated with the magnetic-field-aligned
anisotropy in the electron flux is further supported by the
velocity distributions shown in Figure 14, which are selected .
for times when 85:2 ~ 0° and for viewing directions parallel ST ek
(pset = 304° and 34°) and antiparallel (pg* = 124° and 214°) -
to the magnetic field. The electron intensity measurements at L
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1252 UT (triangles), before the onset of the f,* < f < f,"noise,
show that the anisotropy is typically small, £20%, at all veloci-
ties. However, the measurements at 1720 UT (circles), after the
onset of the f,* < [ < f,™ noise, show that the anisotropy is
very large, typically a factor of 3-5, over a broad range of
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than the change in the anisotropy the electron distribution I
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after onset of the noise. Comparison of these velocity distribu- -
tions with the measurements of Feldman et al. [1975] clearly
identifies this anisotropy with a greatly enhanced heat flux of
the halo electrons, directed along the magnetic field line away
from the sun. These and other similar observations provide
strong evidence that the anisotropy associated with the elec-
tron heat flux in the solar wind plays an essential role in the r
generation of these waves. Close inspection of the electron
angular distributions in Plate 2 also shows, for example, that a
similar electron anisotropy is present during the period when
the ion acoustic waves in Figure 9 are being observed. The
variations in the f,* < f < f,~ noise intensity are not, how-
ever, as easily associated with changes in the electron distribu-
tion function in this case, possibly because the plasma is close
to marginal stability, so that only very minor changes in the
clectron distribution or other parameters can trigger the
growth or decay of the waves.
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far which no protons can be detected arriving from the bow shock

(see Plate 2). These waves evidently correspond to the interplane-
tary f,* < [ < [, noise detected by Helios far from the carth.
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Some of the factors involved in the identification of the LR {
plasma wave mode associated with the f,> < [ < f,~ noise
detected by Helios have already been discussed by Gurnerr and
Anderson [1977]. From the electrostatic character of the noise,
all of the well-known electromagnetic modes of propagation,
such as the whistler and magnetosonic modes, can be elimi-
nated from consideration. The electric field orientation, paral-
lel to the static magnetic field, further restricts the possibilities,
eliminating, for example, the various types of ion cyclotron -
and Bernstein modes which propagate nearly perpendicular to
the static magnetic field. Essentially only two plasma wave
modes are known which could account for al! of the observed
characteristics. These modes are the ion acoustic mode at f <
f»* and the Buneman {1958] mode at fz > (m~/m™)"3{,~. We
also note that Scarf et al. [1970] identified the same modes as
the best candidates for explaining the upstream electrostatic
noise, which is now believed to be the same basic plasma wave
mode detected by Helios far from the earth. Although Gurneut
and Anderson [1977] argue that it is unlikely that the proper
conditions exist in the solar wind for generating the Buneman M) AINFNCRY
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instability, no method was available to distinguish clearly be-
tween these two modes of propagation.

One way of distinguishing the Buneman mode from the ion
acoustic mode is to measure the wavelength. The two modes
differ fundamentally in the wavelengths required to account
for the observed frequency spectrums. Since iofn acoustic
waves only occur at frequencies less than f,* in the rest frame
of the plasma, large Doppler shifts and correspondingly short
wavelengths of tens to hundreds of meters are required to
account for the frequency range, (2-10)f,*, in which the noise
is usually observed. The Buneman mode, on the other hand,
occurs at a frequency f ~ 3.49f,*, which requires no Doppler
shift to account for the observed frequency spectrum, implying
wavelengths of several hundred meters or more.

Since only a single electric dipole antenna is used on Helios,

the wavelength cannot be determined. However, the Imp 6
spacecraft, which also detects the same waves upstream of the
bow shock, has two antennas of different lengths which can be
used to estimate wavelengths. The technique used consists of
comparing the measured antenna voltages ¥ with the tip-to-tip
lengths L of the antennas. For wavelengths longer than the
antenna the antenna voltage is directly proportional to the
antenna length, so that the computed electric field strength £
= 2V/L is the same for both antennas. However, for wave-
lengths A comparable to or shorter than the antenna this
proportionality no fonger holds. In general, we expect that
when A < L, the measured electric field strength will be unde:-
estimated.

On Imp 6 the electric field antennas consist of two orthog-
onal dipoles with tip-to-tip lengths of L, =.92.5 mand L, =
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Fig. 12. Angular distribution of the electric field intensity for a
burst of f,* < f < f,~ noise produced by upstreaming magnetosheath
protons. These data show that the clectric field of the proton-driven
fo* < f < f,” noise is parallel to the solar wind magnetic field,
essentially identical to the f,* < f < f, noise detected by Helios far
from the earth (compare with Figure 4). o

53.5 m [Gurnetr, 1974]. The two antennas are mounted or-
thogonally to each other and to the spacecraft spin axis. The
spin axis is directed normal to the ecliptic plane. Simultaneous
measurements of the voltage spectrums from the two antennas
are made with two identical spectrum analyzers: Because of
their orientation the two antennas do not detect the same
component of the electric field. However, for a steady state
wave spectrum, comparisons can be made by averaging over
many rotations of the spacecraft. .

A case for which the wavelength of the interplanetary f,* <
[ < f,- noise has been estimated by using this technique is
shown in Figure 15. During this period, Imp 6 is upstream of
the bow shock at geocentric radial distances from about 19 to
26 R and local times from about 9.8 to 10.2 hours. A sub-
stantial level of f,* < f < f,™ noise is present during this
period. Some of these events can be associated with low-energy
protons arriving from the bow shock, whereas other events,
such as the intense bursts from about 0520 to 0610 UT, are of
interplanetary origin. This period of enhanced activity occurs
shortly after an abrupt increase in the solar wind density at
about 0500 UT (see the top panel of Figure 15), which pre-
ceded the onset of a high-speed solar wind stream a few hours
later (W. Feldman, personal communication, 1977).

The electric field spectrums obtained from the E, and E,
antennas during the interval from about 0530 to 0602 UT are
shown in the bottom panel of Figure 16. These spectrums give
the median values of all of the peak intensities obtained during
this interval, computed by using £ = 2V/L. Each point repre-
sents the median of approximately 700 individual peak mea-
surements. Because of the impulsive temporal fluctuations a
large number of measurements are needed to reduce the statis-

tical fluctuations to an acceptable level. The ratio of the £, to
the £, feld strengths, computed from these spectrums, is
shown in the top panel of Figure 16, with estimates of the
corresponding error limits (one standard deviation). Ascan be
seen, the E,/E, ratio is approximately | at low frequencies, f
< 3 kHz, but deviates substantially below 1 at high frequen-
cies, f 2 10 kHz. The decrease in the E,/E, ratio at high
frequencies indicates that the longer, E, antenna is signifi-
cantly underestimating the ficld strengths in comparison to the
shorter, E. antenna. This deviation of the E,/E, ratio in-
dicates that wavelengths shorter than Ly, = 92.5 m are being
detected at frequencies above about 3 kHz.

To demonstrate the overall accuracy and reliability of this
technique, a corresponding analysis was performed on a band
of whistler mode plasmaspheric hiss detected in the earth’s
magnetosphere a few hours later. It is easily shown that the
wavelengths of these whistler mode waves are very large, much
larger than the dimensions of the Imp 6 electric antennas. The
results of this analysis are shown in Figure 17. As can be seen,
the £,/E, ratio stays very close to | at all frequencies, thereby
confirming that the wavelengths are longer than the antenna
length. These and many other similar comparisons for a wide
variety of plasma wave phenomena demonstrate that signifi-
cant deviations of the E,/E, ratio below 1, such as the devia-
tion in Figure 16, are not instrumental effects and can only be
attributed to wavelengths shorter than the antenna length.

Since the accuracy of the method has been confirmed, it is
now of interest to compare the measurements in Figure 16
with the wavelengths to be expected if the waves are ion
acoustic waves. For typical solar wind parameters 7~ = |.5 X
10* °K it is readily shown that the ion acoustic speed C, =
(KT-/m*)* =~ 35.2 km s~! is much less than the solar wind
velocity. For these conditions the frequency detected in the
spacecraft frame of reference is, to a good approximation.
given entirely by the Doppler shift (valid for f >> f,*),

[ = (Vyw/X) cos'Bey (1)

where 8,, is the angle between the propagation vector k and
the solar wind velocity V,,. Even though the ion acoustic
mode can propagate at a substantial angle to the magnetic
field [Stix, 1962], the f,* < f < f,™ noise is evidently generated
with k vectors nearly parallel to the static magnetic field, since
the electric field is always observed to be nearly parallel to the
static magnetic field. Thus f,y can be determined from the
measured magnetic field direction; i.e., 8y, =~ 85,. By solving
(1) for A by means of the appropriate solar wind speed V,,, =
360 km s~ from Figure 15 and by means of 85, > 22° from the
Imp 6 magnetometer data (D. Fairfield, personal communica-
tion, 1977) the wavelengths corresponding to each frequency
can be calculated. These wavelengths are shown by the wave-
length scale at the top of Figure 16 along with the lengths L,
and L, of the two electric antennas. As can be seen, the £,/E,
ratio starts to deviate below | as soon as the computed wave-
length becomes significantly shorter than the antenna. These
comparisons show that the wavelength computed from the
Doppler shift formula is in excellent quantitative agreement
with the wavelength estimated from the E,/E, ratio (A = 92.5
m at f >~ 3 kH2).

Further evidence of short wavelengths is provided by the
upper cutoff of the observed frequency spectrum and the varia-
tion of this cutoff with radial distance from the sun. It is well
known that the shortest wavelength which can occur in a
plasma is determined by the onset of strong Landau damping
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The f,© < f < f,™ noise occurs during periods of substantial anisotropy in the low-energy electron intensities associated

with the electron heat flux in the solar wind.

at a wavelength of about 2xX,, where Ap* = ¢,k T/ne’ is the
Debye length. The minimum wavelength Ay, = 2xAp,, com-
puted from the measured plasma density # > 35 cm~* and the
temperature 7- = 1.4 X 10 °K, is approximately 27.5 m, as is
shown at the top of Figure 16. As can be seen, this minimum
wavelength is in excellent agreement with the observed upper
cutoff frequency of the electric field spectrum. The dependence
of the minimum wavelength on the plasma density, Apyn < Ap
= 1/n'? furthermore explains the tendency for the upper
cutoff frequency fmax = (Vew/Amin) € n'? to increase with
decreasing radial distance from the sun (see Figure 6), since
the plasma density increases closer to the sun. When the

plasma density scaling law n = 1/R? appropriate for the solar
wind far from the sun, is used, the upper cutoff {requency
should vary approximately as fn.x, = 1/R, which is seen to be
in good agreement with the observed radial variation of the
upper cutofl frequency illustrated in Figure 6. All these com-
parisons provide strong evidence that the low-frequency elec-
trostatic waves detected in the solar wind by Imp 6, Imp 8, and
Helios have short wavelengths and Doppler shifts consistent
with the identification of these waves as ion acoustic waves.
Although short wavelengths are clearly evident for the event
in Figure 16. in most cases the /- < [ < f,” noise detected
by Imp 6 does not show these effects. The event in Figure 16 is
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unusual in that the plasma density is very large, # = 35cm™3,
and results in a minimum wavelength substantially less than
the antenna length. For typical solar wind plasma densities at
1 AU, n = 5 cm-3, the minimum wavelength is approximately
Am = 72 m, which is evidently sufficiently large to make short-
wavelength effects undetectable even though wavelengths
shorter than the Imp 6 antenna length. L, = 92.5 m. could
occur. Note from Figure 16 that most of the wave energy
occurs at wavelengths substantially larger than Ay, = 27),
and that the intensity is strongly attenuated for wavelengths
approaching Amin. [t should also be noted that because of the
shorter length of the Helios antennas (L = 16 m for Helios 1.
and L = 32 m for Helios 2), errors due to short-wavelength
effects are not normally expected to be significant for the
Helios measurements, except for unusually high densities.

ORIGIN OF THE SOLAR WIND [ON ACOUSTIC WAVES

Having established that the f,* < f < f,- noise consists of
short-wavelength ion acoustic waves, we now consider the
mechanisms for generating these waves, both in the inter-
planetary medium and in the region upstream of the bow
shock. The observed triggering of the ion acoustic waves by an
increase in the electron heat flux provides strong evidence that
the ion acoustic mode is being driven unstable by the electron
heat flux in the solar wind. as was first suggested by Forslund
[1970]. )

The basic mechanism proposed by Forslund {1970] is illus-
trated schematically in Figure 18, which shows the general
form of the reduced one-dimensional electron and proton
distribution functions in the solar wind. The reduced one-
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dimensional distribution function F(¥) is defined by F(V) = f
dv . f(V), where f(V) is the three-dimensional distribution
function and 4V, represents an integration over velocities
perpendicular to the magnetic field. As is-indicated, a sub-
stantial anisotropy is produced in the high-energy, or ‘halo,’
electrons by the electron heat flux flowing outward away from
the sun [Feldman et al., 1974, 1975]. Since the net current in the
solar wind is essentially zero, except at discontinuities, the
electron current associated with the antisunward drift of the
energetic ‘halo’ electrons must be compensated by a sunward
drift of the low-energy ‘core’ electrons. This drift velocity ¥4 is
indicated in Figure I8. If the double peak in the combined
velocity distribution function F(¥) = F-(V)+ (m~/m™ )F(V)
produced by this drift is sufficiently large, then the ion acoustic
mode is unstable. Since the drift is parallel to the statlic mag-
netic field, the waves produced by this instability are expected
to have their wave vectors and electric fields oriented approxi-
mately parallel to the static magnetic field. The condition for
instability is given by the Penrose criterion

V) — AVo)
j:(V—V.,)’ av >0 (2)

where V, is the velocity of the minimum in F(V) [Penrose.
1960]. For equal electron and jon temperatures 7~ = T~ the
threshold drift velocity is very large, approximately ¥, = (kT~/

m~ )2, which is too large to be exceeded in the solar wind.
However, if 7- >> T*, which is sometimes satisfied in the
solar wind, then the threshold drift velocity for instability is
greatly reduced, to approximately

Ve = (kT*/m~)"? 3

[Krall and Trivelpiece, 1973). For a solar wind ion temperature
of T = 4.0 X 10* °K the threshold drift velocity is, for
example, only ¥V, = 18 km s~* (T~ >> T* being assumed). For
electron temperatures only moderately larger than the ion
temperature the threshold drift velocity is larger than (3) by a
factor which depends on T~ /T* [see Krall and Trivelpiece,
1973]. On the basis of his analysis, Forslund [1970] concluded
that the ion acoustic mode should be driven unstable by the
electron heat flux whenever the electron to ion temperature
ratio is sufficiently large.

Both the observed electric field orientation and the associa-
tion of enhanced ion acoustic wave activity with increases in
the electron anisotropy provide substantial evidence for the
mechanism proposed by Forslund [1970]. The detailed argu-
ments in support of this mechanism are, however, more in-
volved. since all other types of double-peak distribution func-
tions which could possibly generate ion acoustic waves must
be eliminated from consideration. Charged particle measure-
ments, such as those in Plates 2 and 3. clearly show that ion
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acoustic waves occur during times when no secondary peak is
detectable in either the electron or the proton distribution
functions, within the energy range (50 eV < £ £ 45keV) and
resolution of the Lepedea. Although electron energies less than
100 eV were not investigated, it is almost completely certain,
on the basis of the results of Feldman er al. [1975], that double
peaks do not occur in the electron distribution function at
energies less than 100 eV. It is possible that closely spaced
double peaks could occur in the ion distribution, such as the
double proton streams reported by Feldman et al. [1973a], and
still be unresoived in the Lepedea data. Comparisons with
published examples of double proton streams [Feldman et ai.,

1973a] do not show a close correspondence with the occur-
rence of ion acoustic waves; however, further detailed studies
are needed to investigate whether double proton streams can
under some circumstances generate ion acoustic waves. On the
assumption that the ion distribution functions do not generally
have the double-peaked form required to produce an instabil-
ity, essentially the only possibility left is the double peak
produced by a velocity shift between the peaks in the electron
and ion distributions, as illustrated in Figure 18. The presence
of such a velocity shift in the solar wind has now been ampiy
demonstrated by Feldman et al. [1974, 1975). It only remains
to be demonstrated that this shift is sufficiently large to exceed
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the threshold for generating ion acoustic waves. The magni-
tude of the velocity shift, which is difficult to measure directly,
can be estimated from the anisotropy in the halo electron
distribution. For the event in Figure 14 at 1720 UT the flux of
electrons along the magnetic field (first moment) is estimated
to be 1.50 X 10* el {cm?s)~!. When the measured local plasma
density of n = 10.1 el cm~? is used, this flux must be com-
pensated by a sunward drift of the core electrons at a velocity
of about 150 km s-'. The ratio of this drift velocity to the
electron thermal speed (T~ = 1.5 X 10* °K being used) is
about 0.1. Whether this drift velocity exceeds the threshold
drift velocity for the ion acoustic wave instability is critically
dependent on the electron to ion temperature ratio. For the
period of interest the ion temperature measured by the Los
Alamos plasma probe on Imp 8is T+ = 7.1 X 10* °K. When a
typical temperature of T~ = 1.5 X 10* °K is used for the core
electrons, the temperature ratio is 7-/7* = 2.14. For this
relatively low electron to ion temperature ratio the ion acous-
tic mode should be stable according to the curves given by
Siringer [1964]. On the other hand, if a typical halo temper-
ature of T- = 7.0 X 10° °K is used, which gives T-/T~ = 10,

the threshold drift velocity given by equation (3), V, = 23 km
s-!(valid when T~ >> T*), is exceeded by a substantial factor.
Since no computer calculations of the threshold drift velocity
are available for a realistic combination of core and halo
electron distributions, the stability of the ion acoustic mode
cannot be accurately determined. However, since the correct
effective electron to ion temperature ratio is probably some-
where in between the two extremes given by the core and halo
temperatures, it seems likely that the ion acoustic mode is
unstable in this case. Further detailed analyses of the exact
instability conditions are needed for realistic models of the
solar wind electron distribution to answer this question
clearly.

For the ion acoustic waves generated by protons streaming
into the solar wind from the bow shock there is no question
about which particles are responsible for the instability. How-
ever, considerable uncertainty still remains concerning the de-
tailed mechanism by which the proton stream produces the
instability. In considering the origin of the instability, two
distinctly different mechanisms can be identified: (1) the insta-
bility may be caused directly by the double peak in the proton
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distribution (see Figure 11), or (2) the instability may be
caused indirectly by the shift in the velocity of the core elec-
trons required to maintain zero net current, similar to the heat
flux mechanism. Of these two possibilities the second mecha-
nism is believed to be dominant. For the first mechanism,
rough estimates show that the peak in the proton distribution
function due to the upstreaming protons is simply too small to
be unstable according to the Penrose criterion. Note that the
contribution of the proton stream to F(¥) is greatly reduced by
the factor (m~/m*) in the combined one-dimensional distribu-
tion function, in addition to the fact that the distribution
function for this stream is nearly 6 orders of magnitude below
the peak due to the solar wind beam (see Figure 11). On the
other hand, the proton flux associated with the upstreaming
protons can be quite substantial, ~5 X 10® protons (em?s)~L
The upstreaming protons must therefore cause a shift in the
velocity of the core electrons with respect to the solar wind
protons in order to maintain zero net current. If this shift is
large enough to produce instability, this mechanism will ex-
plain why the ion acoustic waves driven by the upstreaming
protons are so similar to the interplanetary ion acoustic waves,
since the mechanisms are essentially identicai. Note that halo
electrons streaming away from the sun and sunward streaming
protons both contribute in the same sense to the current imbal-
ance. Detailed comparisons, however, often show that the
intensities of the upstreaming protons are too small, by factors
of 10-100. to produce velocity shifts exceeding the threshold
for the ion acoustic wave instability using a simple Maxwellian
distribution for the core electrons. The detailed explanation of
this discrepancy is not known; however, one possibility is that
the electron heat flux maintains the plasma near marginal
stability for ion acoustic waves, so that only a small current
imbalance is needed to trigger the instability. Also, Feldman et
al. [1973b] have shown that protons streaming into the solar
wind from the earth’s bow shock produce substantial per-
turbations in the ambient solar wind electron distribution.
These perturbations and their effect on the instability condi-
tion given by the Penrose criterion must be studied in greater
detail before the generation mechanism of the upstream ion
acoustic waves can be completely resolved.

Numerous investigators have suggested possible roles which
ion acoustic turbulence may play in determining the large-
scale properties of the solar wind. It has been suggested that

plusma waves can heat the solar wind ions [Fredricks, 1969],

regulate the electron heat flux in the solar wind [Forslund.
1970: Schulz and Eviatar, 1972], and thermally couple the
electron and ion distributions [Perkins, 1973]. The extent to
which the ion acoustic waves detected by Helios and Imp 6 and
8 play any significant role in these processes remains to be
determined. At | AU the maximum intensities of the ion
acoustic turbulence are relatively small, energy density ratios
being approximately ¢,£2/2nkT = 10-*. The turbulence is,
however, present a large fraction of the time and increases
rapidly in intensity with decreasing radial distance from the
sun. These factors all suggest that the presence of these waves
must be given serious consideration in the overall under-
standing of the solar wind, particularly in relation to the
regulation of the solar wind heat flux.

SUMMARY AND CONCLUSION

Plasma wave measurements on the solar-orbiting Helios
spacecraft have previously shown that sporadic bursts of elec-
trostatic turbulence are commonly observed in the solar wind
at frequencies between the electron and ion plasma frequencies
[Gurnett and Anderson, 1977]. In this paper we have expanded
the earlier investigation of these waves using the Helios data
and have compared the Helios results with similar measure-
ments from the earth-orbiting Imp 6 and 8 spacecraft. Wave-
length measurements with the Imp 6 spacecraft now provide
strong evidence that these waves are short-wavelength ion
acoustic waves at f < f,* which are Doppler-shifted upward in
frequency by the motion of the solar wind. The upper cutoff
frequency and the variation of this cutoff frequency with radial
distance from the sun, fmax ® |/R. are in close agreement with
the short-wavelength cutoff expected for ion acoustic waves.

Comparison with the Imp 6 and 8 data reveals that a sub-
stantial fraction, 50-70%, of the ion acoustic wave turbulence
detected in the solar wind near the carth is caused by supra-
thermal protons sireaming into the solar wind from the
earth’'s bow shock. These waves, which correspond to the
upstream electrostatic waves first reported by Scarf el al.
[1970]. are observationally indistinguishable from the ion
acoustic waves detected by Helios. Although both the up-
stream proton-driven waves and the waves detected by Helios
are evidently jon acoustic waves, some distinctly different
source is required to explain the Helios observutions, since
protons from the earth’s bow shock cannot possibly account
for the waves detected by Helios far from the earth. Examina-
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tion of the Imp 6 and 8 data reveals many examples of ion
acoustic turbulence during periods when no protons can be
detected ¢oming from the earth’s bow shock. These events
evidently correspond to the waves detected by Helios far from
the earth. Usuaily in these cases there is no evidence of signifi-
cant suprathermal clectron or proton fluxes other than the
quiescent solar wind distribution. In a few events, variations in
the ion acoustic wave intensity were found which are closely

correlated with changes in the anisotropy of the solar wind

electron distribution. These events suggest that the ion acous-
tic turbulence is driven by the anisotropy associated with the
electron heat flux in the solar wind, as was suggested by
Forsiund [1970]. Although it seems reasonably certain that the
electron heat flux is in some cases involved in the generation of
the interplanctary ion acoustic waves, the association of ion
acoustic waves with suprathermal protons from the bow shock
suggests that the solar wind ion distributions should be investi-
gated in greater detail to sec if double ion streams and other
nonthermal solar wind ion distributions could also be involved
in the generation of these waves.
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The Heliocentﬁc Radial Variation of Plasma Oscillations Associated
With Type [11 Radio Bursts

D. A. GURNETT, R. R. ANDERSON, F. L. SCARE,) AND W. S. KURTH

Department of Physics and Astronomy., Unicersity of lowa, lowa City, fowa 52242

A survey is presented of all of the electron plasma oscillation events found to date in association with
Jow-frequency type I11 solar radio bursts using approximately 9 years of observations from the Imp 6 and
8. Helios | and 2. and Voyager | and 2 spacecraft. Plasma oscillation events associated with type lI1 radio
bursts show a pronounced increase in both the intensity and the frequency of occurrence with decreasing
heliocentric radial distance. This radial dependence explains why intense electron plasma oscillations are
seldom observed in association with type 11 radio bursts at the orbit of the earth. Possible interpretations
of the observed radial variation in the plasma oscillation intensity are considered.

1. INTRODUCTION

The currently accepted model for the generation of type I
solar radio bursts is that these radio emissions are produced by
nonlinear processes involving electron plasma oscillations ex-
cited by solar flare electrons streaming outward through the
solar corona. The electron plasma oscillation mechanism. first
proposed by Ginzburg and Zheleznyakov [1958]. has become
the basic element of essentially all theories of type 111 radio
bursts, with suitable refinements to account for various types
of nonlinear interactions [Swurrock, 1961; Tidman et al., 1966.
Papadopoulos et al.. 1974: Smith, 1974]. Although the plasma

oscillation mechanism has been widely accepted for many

years, only in the past two years have measurements been
obtained which definitely establish the existence of these elec-
tron plasma oscillations. Initially, studies by earth-orbiting
satellites failed to detect electron plasma oscillations in associ-
ation with type 11 radio bursts [Kellogg and Lin, 1976]. After
searching through nearly 4 years of data from the earth-orbit-
ing Imp 6 and 8 satellites, only one type III event was identi-
fied with clearly associated electron plasma oscillations {Gur-
nett and Frank, 1975]. However, the intensity of this event,
~100V m-!, was much too small to account for the observed
radio emission intensities. The first observations of clectron
plasma oscillations with intensities sufficiently large to explain
type 111 radio emissions were obtained from the Helios | and 2
solar probes, in orbit around the sun at radial distances rang-
ing from 0.29 to 1.00 AU [Gurnett and Anderson, 1976, 1977].
In the initial survey of the Helios 1 and 2 plasma wave data.
three events were found with electron plasma oscillation in-
tensities exceeding ! mV m~'. All of these events occurred
relatively close to the sun, at heliocentric radial distances of
less than 0.45 AU.

Since the initial survey of the Helios 1 and 2 data the
quantity of data available for analysis has increased consid-
erably, and several more intense electron plasma oscillation
events have been identified in association with type IIT radio
bursts. Approximately 12 months of plasma wave data are also
available from the Voyager | and 2 spacecraft at radial dis-
tances of from 1.0t0 2.2 AU. A description of the plasma wave
instrumentation on the Vovager | and 2 spacecraft is given by
Scarf and Gurnet1 [1977]. From these data it is found that the
most intense electron plasma oscillations, ~1-10 mV m~", are

! Now at TRW Defense and Space Systems Group, Redondo Beach.
California 90278. .

Copyright ® 1978 by the American Geophysical Union.

usually detected relatively close to the sun, at heliocentric
radial distances of less than 0.5 AU, and that only weak
events. ~100 uV m~', are detected near and beyond 1.0 AU.
These observations indicate the presence of a strong radial
variation in the electron plasma oscillation intensities associ-
ated with type 111 radio bursts. decreasing rapidly with increas-
ing radial distance from the sun. The purpose of this paper is
to survey the characteristics of all of the electron plasma
oscillation events observed to date in association with type 111
bursts and to investigate the variation in intensity of these
events with radial distance from the sun.

2. SURVEY OF EVENTS ANALYZED

Up to the present time a total of 18 type III solar radio
bursts have been detected with clearly associated electron
plasma oscillations. The total quantity of data surveyed to
identify these events consists of approximately 4 years of ob-
servations from Imp 6 and 8 [Gurnetr and Frank, 1975]. 4 vears
of observations from Helios | and 2, and 12 months of obser-
vations from Voyager | and 2. These data include 153 type 1i1
radio bursts which were detectable at frequencies below 178
kHz. Since only 18 of these events occur in association with
plasma oscillations, it is evident that the chance of detecting
the plasma oscillations responsible for a type Il radio burst is
quite small, approximately 12%.

The typical characteristics of the events detected are illus-
trated in Figures | and 2, which show the electric field strength
in four adjacent frequency channels for each of the 18 events.
The solid line in each plot gives the maximum electric field
strength, and the solid black area (or vertical lines in the case
of days 208 and 209) gives the average electric field strength.
The spectrum analyzers on Imp 6, Imp 8, Helios 1, and Helios
2 all have continuously active channels with peak detection so
that any signal within the time resolution of the instrument
(~50 ms) is always detected by the peak field strength mea-
surement. The maximum field strength shown in each channel
is the largest peak field strength in the interval since the pre-
vious point plotted. For Voyager 1, which does not have peak
detection, the maximum field strength is computed from all of
the average field strengths available in cach interval plotted.
The type 111 radio bursts in Figures | and 2 are in most cases
casily identified by the smooth increase in the field strength
over a period of several tens of minutes and by the character-
istic decrease in the emission frequency with increasing time.
The electron plasma oscillations associated with these events
usually consist of a series of brief but very intense narrow band

Paper number SA0436. 4147

0148-0227,78,098A-0436501.00

PRECEDING PAGE BLANK NOT FILMEL



f

m
d

==

/ 962 Wi {a8W

314 W (2N

ELECTAON PLASMA
OSCILLATIONS

ELECTMIC FIELD STRENGTH, VOLTS w '

=TTty

4148 GURNETT BT AL.. PLASMA OSCILLATIONS anD Tvre Il Rapio Bursts
05 a4y
'6: T T T T T v
1674 ] A - TG amg (132W
4 7 At
2 I
§ 100 sy {252% |
g s
i |
: L
- o
g Yy CLECTAGH PLASMA 1
3 1634 '\ SOCLLATIONS suwrea2% |
b 0 =
=1 [\ A
Id‘ L3 1 luf L Ll T
utnessd 1500 100 1700 1800 1960
IM 6, DAY 309, WOVEMBER 5, 1874, Rui0 Ay HELIOS 1, DAY 208. JWLY 27, 1973, M+0.858 AL
'd: T T T T T T T T T T T T T T
2 ) -
IO-‘ TYPE I RADIO . Q0 anp (28% | 562 hnr (23 ! TYPE I RADIO BURST
IO, ONSET i
@ h TIME—"
6® -1
|6! 4 3t amz 23% ELECTRON PLASMA

| OSCILLATIONS

17.8 v {23%)

100 wx {25

| SN S S BN S U S S NN S S R SR R §

U W N WY GRS VU N T |

A

i
:
g
§
:
g

10 T T T v T r T
52wz {25%
ONSET TYPE II RADIO BURST

_§ am;
163+ ELECTRON PLASMA 34w (3%

164 OSCILLATIONS

T U g T T - T
2000 2100 2200 2300
VOVAGER 2, DAY 236, AuGLST 24,1977, R+10i AL

T T Ll 4 i T i

TYPE I RADIO BURST

s <
o T

1634 17.8 kHz (25%)

634 00 iz (199

ELECTMC FIELD STRENGTH, VLTS !

313 g 2 W A ELECTRCN PLASMA

1 N
- : :ﬁ OSCILLATIONS

17.8 iz {2 8%}

Ty

Dl NN

T u T T
ut.retig 1100 1200
YOYAGER 2, DAY 237, AUGUST 23, 1977, R» LOIALL

T i T

1300 &0 1800 200 2200 2300 0000

T T u J T 0 1

§

MELIOS ¢, DAY 241, AUGUSY 29, 1977, R« 0832 Au

Fig. la

Fig. 1. All of the type III radio noise bursts and associated clectron plasma oscillation events observed to date at
heliocentric radial distances beyond 0.5 AU. The solid line gives the maximum electric field intensity, and the solid black
areas (or vertical bars for days 208 and 209) give the average electric field intensity. The plasma oscillations beyond 0.5 AU
are generally very weak, typically ~100 4V m™*, and occur very infrequently in comparison with the total number of type

[ bursts.

bursts at the local electron plasma frequency. These bursts
usually occur shortly after the onset of the type Il radio
emission in the next higher frequency channel. The maximum
electric field intensity is always much larger than the average
electric field intensity, indicating that the plasma oscillations
consist of many short impulsive bursts. The impulsive intensity
variations of the plasma oscillations are illustrated in greater
detail in Figure 3, which shows a high-time resolution snap-
shot of the plasma oscillation intensities associated with the
day 92, 1976, event. The most intense burst detected during
this interval lasted only a few tenths of a second. Large tem-
poral variations are evident on time scales comparable to the
time resolution (50 ms) of the instrument.

To illustrate the variation in plasma oscillation intensity
with heliocentric radial distance, the events in Figures | and 2
have been arranged with all of the events at radial distances
greater than 0.5 AU in Figure | and all of the events at radial
distances less than 0.5 AU in Figure 2. Comparison of these
illustrations shows that the plasma oscillations are more in-
tense in the region closer to the sun. Although more events
have been detected beyond 0.5 AU than inside of 0.3 AU,
considerations of the relative observing times in the two re-
gions show that the frequency of occurrence of plasma oscilla-
tions is significantly higher in the region closer to the sun.
Because of the eccentric orbits of the Helios spacecraft, with
aphelion near 1.0 AU and perihelion near 0.3 AU, the frac-
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tional observing time inside of 0.5 AU is only about 25%. It is
estimated that only about 1 year of total observing time is
available inside of 0.5 AU, compared with 8 years of combined
observing time outside of 0.5 AU. Since eight events have been
detected in only 1 year at R < 0.5 AU, compared with ten
events in 8 years at R > 0.5 AU, we estimate that the chance of
detecting plasma oscillations in association with a type III
radio burst is almost 10 times larger in the region inside of 0.5
AU than in the region beyond 0.5 AU. o
As can be seen from Figure 1, most of the plasma oscillation
events beyond 0.5 AU are quite weak, typically only a few
hundred microvolts per meter. In many of these cases it is
probably questionable whether these weak plasma oscillations
could be responsible for the observed radio emission in-
tensities, even though the close time coincidence indicates that
they are produced by the same particles which are responsible
for the type 11l radio emission. Probably the only events in
Figure | which are strong enough to account for the observed
type 111 radio emission intensities, according to current theo-
ries, are on days 316 and 341, 1977, As is evident in Figure 2,
the plasma oscillations inside of 0.5 AU are generally much
more intense, typically 1-10 mV m-'. According to the esti-
mates of Gurnett and Frank [1975), plasma oscillations in this
intensity range are required to explain the observed type 111
radio emission intensities. For the intense events the onset of
the plasma oscillations is usually very abrupt, as it is on days
92, 108, 112, 278, and 279, and consistently occurs about 10-30
min after the onset of the radio burst in the next higher
frequency channel. Detailed comparisons show, however, that
the onset time is usually a little too late to be consistent with
generation of the type 111 radio emission at the second har-
monic of the electron plasma frequency [Fainberg and Stone,
1974; Kaiser, 1975; Gurnett et al., 1978]. 1f the radiation is

WELIOS 2. DAY 3ai, DECEMMER 7 1977 R.0.827 AU

16

generated at the second harmonic, as is widely believed, then
the plasma oscillations should start when the frequency of the
type 111 radio emission reaches the second harmonic, 2fp~. of
the local electron plasma frequency. As can be seen for the
events on days 91, 92, 108, 112, and 341, the plasma oscilla-
tions start well after the frequency of the type III emission
drops below 2f,~. The disagreement in these cases may in-
dicate that the radiation was being generated at the fundamen-
tal rather than the second harmonic, that plasma oscillations
were present but on time scales too small (<50 ms) to be
detected, or that the plasma oscillations were occurring in
small regions or filaments which by chance were not encoun-
tered until well after the leading edge of the emission region
had swept past the spacecraft. The events on day 341 in Figure
| and day 108 in Figure 2 also show another interesting effect,
which is a nearly constant peak electric field amplitude for
time intervals of almost half an hour. These nearly constant
electric field amplitudes are almost certainly the result of some
nonlinear saturation mechanism which limits the maximum
attainable electric field amplitude.

The radial variation of the maximum ¢lectric field amplitude
with radial distance from the sun is shown in Figure 4. This
illustration shows the maximum electric field amplitude for
each of the 18 plasma oscillation events shown in Figures |
and 2. A best fit power law through all of the points indicates
that the electric field amplitude varies approximately as (1/
RY**. Although the limited number of events strongly restricts
the accuracy with which the detailed radial dependence can be
determined, the general trend toward decreasing field strength
with increasing radial distance from the sun is unmistakable.
especially when consideration is given to the much greater
observing time near 1.0 AU compared with regions closer to
the sun.
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Fig. 2. All of the type 11T radio noise bursts and associated plasma oscillation events observed to date at heliocentric
radial distances of less than 0.5 AU. The plasma oscillations closer to the sun. inside of 0.5 AU, are generally much more
intense. typically 1-10 mV m-*, and occur much more frequently than those beyond 0.5 AU. Note the large ratio of the
maximum (solid line) to the average (solid black area) field strength, indicating that the plasma oscillations consist of many
brief impulsive bursts.
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Figure 2. The plasma oscillations are seen to occur in short intense bursts lasting only a few tenths of a second. In some
cases the temporal variations occur on time scales which approach the time resolution (50 ms) of the instrument.

3. DiscussiON

These measurements show that the electric field strength of
clectron plasma oscillations associated with type 111 radio
bursts decreases rapidly with increasing radial distance from
the sun. This radial variation provides a partial answer to the
question of why electron plasma oscillations are so seldom
observed in association with type 111 radio bursts at the orbit
of the earth. Evidently, by the time the beam of clectrons
which produces the type 11l radio emission reaches the earth,
the velocity distribution function has evolved to the point that
the plasma oscillations are only weakly unstable or not un-
stable at all. Closer to the sun the distribution function is
evidently more unstable, leading to more intense plasma oscil-
lations. The observed radial variation of plasma oscillation
intensities is also consistent with the frequency spectrums of
type 111 radio bursts, which usually decrease in intensity with
decreasing frequency, indicating a decreasing emissivity (hence
plasma oscillation intensity) with increasing radial distance
from the sun.

Qualitatively, the decreasing plasma oscillation intensity
with increasing distance from the sun fits in reasonably well
with what one would expect, since the temporal dispersion of
the emitted electron beam tends to intensify the unstable part
of the electron velocity distribution function in the region
closer to the sun, causing larger electric field amplitudes. A
quantitative understanding of the observed radial variation,
however, will require a detailed understanding of the nonlinear
effects which saturate or limit the growth of the plasma oscilla-
tions and of the wave-particle interactions which influence the
evolution of the electron beam as it propagates outward from
the sun. Saturation effects are usually characterized by the

dimensionless ratio of the electric field to plasma energy den-

sity, £7/8xnk T, which for a given distribution function reaches
an approximately constant asymptotic value after the instabil-

ity has grown into the nonlinear regime. Numerical simula-
tions [Armstrong and Montgomery, 1967] for strongly unstable
distributions typically show that after several hundred plasma
periods the energy density ratio £2/8xnkT approaches a con-
stant asymptotic value characteristic of the initial beam in-
tensity. Since the plasma density increases with decreasing
distance from the sun approximately as n = (1/R)* and the
temperature T remains nearly constant, the electric field
strength would be expected to vary as £ « (1/R) if the asymp-
totic energy density ratio remains constant, independent of the
radial distance. On the basis of the results in Figure 4 it is seen
that the electric field strength varies much more rapidly than
(1/R), which means that changes in the electron beam charac-
teristics are significantly modifying the asymptotic value of the
saturation energy density ratio between 0.3 and 1.0 AU. Typi-
cal values for the energy density ratio vary from about E*/
8xnkT = 10-* at 0.3 AU to about 5 X 10~* at 1.0 AU.
Because of the complex evolution and interaction of the
¢lectron beam with the background plasma, numerical simula-
tions are clearly needed to understand these radial depen-
dences. Calculations of the propagation of solar electron
streams have been performed by Magelssen and Smith [1977],
assuming that the plasma oscillation intensities are controlled
by quasi-linear interactions [Smith and Fung, 1971). Overall,
the results of Magelssen and Smith predict the correct general
behavior, with approximately the right plasma oscillation am-
plitudes. However, detailed comparisons show significant dis-

agreements with observations. The observed radial variation

in the electric field energy density (in Figure 4) decreases more
rapidly than predicted by the computer simulation, and the
observed rapid spikelike variations in the plasma oscillation
intensities have no resemblance to the smooth intensity varia-

‘tions predicted by the quasi-linear model. Further simulations

using more complex models for the nonlinear beam plasma
interactions, such as those discussed by Papadopoulos et al.
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(1974}, Bardwell and Goldman {1976}, and Rowland and Papado-
poulos [1977], need to be performed to see if more complex
models of the beam stabilization mechanism provide better
agreement with the observations.
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Plasma Wave Turbulence Associated With an Interplanctary Shock
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In this paper we give a brief summary of the interplanetary shocks detected and analy/ed 10 date from
the Helios | and 2 spacecraft and present a detailed analysis of the plasma wave turbulence associated
with one particular shock, on March 30, 1976. This event was selected because a very clearly defined burst
of plasma wave turbulence occurs at the shock with otherwise quiet conditions in the solar wind upstream
and downstream of the shock. The shock is an oblique shock and the upstream parameters urc character-
ized by a low Mach number, a low beta, and an unusually large clectron o ion temperaturc ratio. Three
types of plasma waves are detected in association with this shock: (1) ciectron plasma usaillations, (2)
electrostatic ion-acoustic or Buneman mode turbulence from about 1 to 30 kHz, and (3) whistler-mode
magnetic noise. Because of the high velocity of the shock and the quiet conditions in the solur wind this
event provides a particularly good determination of the scale size and characteristics of the precursor
waves upstream of the shock and the clectric and magnetic ficld turbulence in the wake behing the shock .
The primary burst of electric and magnetic field noise at the shock occurs a few seconds after the jump in
the magnetic field, with a broad maximum in the clectric field intensities at about } kHz and a
monotonically decreasing magnetic field spectrum below about | kHz. Many of the characicristics of this
shock are found to be closely similar to, and are compared with, previous observations of plasma wave

turbulence associated with the earth’s bow shock,

I. INTRODUCTION

For many years the investigation of shocks in collisionless
plasmas has received considerable attention in both laboratory
and space plasmas. Upstream of the carth’s magnetosphere a
collisionless shock wave is known to form in the solar wind as
it flows past the earth at supersonic velocities. Because this
region can be readily studied by eccentric earth orbiting space-
craft substantial progress has been made in understanding and
characterizing the carth’s bow shock for a wide range of
plasma parameters. The current state of knowledge of the
earth’s bow shock has recently been reviewed by Greenstadt
and Fredricks [1978]). Within the shock transition region it has
been established [Fredricks et al., 1968; Olson et al., 1969] that
intense electric and magnetic field turbulence is generated by
plasma instabilities. This plasma wave turbulence acts to heat
the incoming plasma as it flows across the shock boundary and
plays a role similar to collisions in an ordinary collision-
dominated shock. Electric field measurements in the transition
region {Fredricks et al., 1968, 1970a, b) show that the electric”
field turbulence is closely correlated with magnetic field gradi-
ents, indicating the presence of a current-driven instability
[(Wu and Fredricks, 1972]. Detailed studies of the dependence
of the turbulence amplitude on the upstream parameters have
been presented by Rodriguez and Gurnet: [1975, 1976).

Collisioniess shocks similar to the earth’s bow shock also
occur in the interplanetary medium in response to changes
induced in the solar wind flow by solar rotation and by tran-
sient events (flares) near the sun (see, for example, Smith and
Wolfe [1976] and Dryer et al. {1976]). In comparison to the
earth’s bow shock near the subsolar point interplanetary
shocks are usually weaker. Studies of these shocks can, there-
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fore, provide information on shock characteristics for ranges
of parameters which often are not observed in the earth's bow
shock. Interplanetary shocks are also of interest because of
their role in the acceleration of cnergetic charged particles in
the interplanetary medium [Sarris and Van Allen, 1974]. Be-
cause of the infrequent occurrence of interplanetary shocks
and the absence until recently of suitable instrumentation on
interplanetary spacecraft the study of plasma wave turbulence
associated with interplanetary shocks is in a relatively early
stage of investigation. Electric ficld observations associated
with an interplanetary shock have been reported by Scarf et al.
[1974] and magnetic field observulions have been reported by
Neubauer et al. [1977). For a review of these and other obser-
vations see Scar/f [1978). The purpose of this paper is to give a
brief survey of the plasma wave turbulence observed in associ-
ation with interplanetary shocks detected by the solar-orbiting
Helios | and 2 spacecraft and (o present a detailed analysis of
one particular event, on March 30, 1976,

The Helios | and 2 spacecrafl, which were launched on
December 10, 1974, and January 15, 1976, are in eccentric
solar orbits near the ecliptic planc with initial perihelion radial
distances of 0.309 and 0.290 AU und aphelion radial distances
of 0.985 and 0.983 AU, respectively, The plasma wave electric
field measurements presented in ihis study are from the Uni-
versity of lowa electric field experiment on Helios 1 and 2. This
experiment uses a dipole antenna for electric field measure-
ments and provides electric field intensities in 16 filter channels
from 31,1 kHz 0 178 kHz. A detailed description of this
experiment is given by Gurnett and Anderson (1977]. The wave
magnetic field measurements are from the Technical Univer-
sity of Braunschweig search-coil magnetomeler experiment on
Helios 1 and 2, This experiment is described by Dehmel et al.
[1975] and Neubauer et al. [19774, b]. Briefly the experiment
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Fig. I. The Helios 2 magnetic field and solar wind plasma data for the interplanetary shock on March 30. [976. Note the
relatively quiet conditions in the solar wind upstream and downstream of the shock. .

consists of three orthogonal search-coil magnetic field sensors
mounted on a boom at a distance of 4.6 m from the center of
the spacecraft. Magnetic field spectral densities are determined
in eight logarithmically spaced filter channels (frequency
bands 4.7-10 Hz, 10-22 Hz. etc., up to 1-2.2 kHz) for each of
two axes, one parallel to the spin axis and the other per-
pendicular to the spin axis. Both experiments provide peak as
well as average spectral densities. The solar wind magnetic
field measurements are from the TU Braunschweig flux-gate
magnetometer described by Musmann et al. [1975] and Gliem
er al. [1976]. This experiment provides measurements of three
orthogonal components of the magnetic field with an accuracy
of £0.2 gamma. The solar wind plasma measurements are
from the Max-Planck-Institut fir Physik und Astrophysik
plasma analyzer described by Schwenn er al. [1975]. This ex-
periment provides a_full 3-dimensional ion distribution func-
tion over the energy range from (55 eV to 15.3 keV every 40.5
seconds (for bit rates above 256 bps) and electron measure-

ments scanning the ecliptic plane over the energy range from
0.5 eV t0 1.66 keV.

2. BRIEF SURVEY OF THE SHOCKS DETECTED BY HELIOS

AND THE EVENT SELECTED FOR ANALYSIS

Because of the low level of solar activity during the solar
minimum period the total number of shocks available for
analysis in the Helios data is quite small. For the data analyzed
to date, during the primary mission of Helios | and 2. only §
interplanetary shocks have been identified. All of these events
have enhanced levels of magnetic turbulence at the shock
boundary and in the downstream region behind the shock. The
intensity of this turbulence usually decreases monotonically
with increasing frequency and is detectable at frequencies up
1o several hundred Hz. A 1ypical example of this magnetic
turbulence is discussed by Neubauer et al. [1977a. b]. Aithough
the intensity and spectrum of the magnetic field turbulence
vary somewhat from event 1o event. the noise is always ob-
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served in association with a shock at intensities substantially
above the threshold of the search coil magnetometer.

In comparison to the magnetic turbulence, the electric ficid
turbulence associated with interplanetary shocks is much more
highly variable. In some cases the clectric field amplitudes

associated with an interplanetary shock are so small that the

shock-related fields cannot be distinguished from other types
of waves, such as ion-acoustic waves [Gurnett and Frank,
1978], which are commonly observed in the solar wind. In

on April 1, 1976. At the time the shock was detected by Helios
2 the spacecraft was near the ecliptic plane approximately 9.6°
west of the earth-sun line at a radial distance of 0.470 AU from
the sun.

3. MACROSCOPIC ANALYSIS OF THE
MarcH 30, 1976, SHoCK

The magnetic field and solar wind plasma data from Helios
2 for the period of interest, from 1730 to 1830 UT, on March
30, 1976, are illustrated in Figure 1. The top four panels show

similar 1o the earth’s bow shock, are observed in association

with the shock.

Because of the limited number of events which are currently
available for analysis we have not yet attempted to determine
which parameters control the large variations in the plasma
wave turbulence associated with interplanetary shocks. In-
stead, we have selected one particular event, on March 30,
1976, for analysis. This event was selected because it has a very
clearly defined burst of plasma wave turbulence in both the
electric and magnetic field data, and because the conditions in

the solar wind upstream and downstream of the shock were

relatively quiet and uncomplicated. Comparisons with other
solar and geophysical observations [Pinter, 1977] indicate that
this shock probably was associated with the type | B solar flare
at 1905 UT on March 28, 1976, and the subsequent geomag-
netic SSC (indicative of an interplanetary shock) at 0255 UT

TABLE |. Plasma and Magnetic Field Parameters for the March
30. 1976, Shock

Upstream Downstream

B, = (10.2 —32.2, -44.5)y
v, = (~507.2. ~78. -8.9)km/s

B, =(-0.2.-249, -35.6)v
v, =(—419.3,-79,4.0)km/s
(—417.4, -0.7. - 1.4)km/s)

n, =68cm? Ny =88am-?

(5.6cm™%
A =1.6cm-? Ay =2.1cm™?
(h3am
Tp = 15,000 K T, =66000K
T., = 105,000 K T = 125,000 K

Ta/To = LT T =70 T/ Toa* L, Tey Tie = = 1.9

Derived Quantities

3 = Zn.,KTJB,’/Sw = 0016 3,=0.023
a, = 4B, v, = 89.6° a, = 99.2°
8, = %n. B, =47.5° A, = 58.4°

Vi = [Bii/(@mp,)' = 259 km/s Vi =294 km/s

Mach Numbers

Muoe=173
Anz=1.60
M,,=Unscra=0.80

M= IVII/VM = 1.62
Ay = Ui/ B/ (dxp,) ' = 180
M, =vs,/c0 =120

Characteristic Frequencies

fem = 0.67 Hz Jfepa = 0.86 Hz
Jeer = 1.23kHz Jeer = 1.58kHz
Joer = 26kHz Soer = 29.6 kHz
Joor =611 Hz Soos = 691 Hz
Characteristic Length Scales
¢/ wpey = 1.8 km C/wpes = 1.6 km
C/wog = 77 km C/wpps = 69 km
Aoy =552m Apr =4.75m

Propagation Parameters
shock speed: 627 km./s
shock normai: n = —(0.738, 0.334, 0.386)

~ the magnetic field magnitude, direction and RMS fluctuations

from the flux-gate magnetometer, and the bottom three panels
show the proton velocity, proton density, and electron and
proton temperatures from the solar wind plasma experiment.
The polar and azimuthal angles of the magnetic field direction,
8.e® and ¢sg”. are given in the usual solar ecliptic coordinates.
For the time interval under consideration the sampling rate for
the magnetic field measurements was one vector per second.
The magnetic field data shown in Figure | are 8 second aver-
ages. The time resolution of the plasma measurements in Fig-
ure | is 40.5 seconds, which is the highest resolution available.

The high time resolution magnetic fields data show that the
primary jump in the magnetic field magnitude occurred in less
than one second, at 1744:00.5 UT +0.5 s. The plasma data
show that the jump in the solar wind velocity occurred be-
tween 1743:52 and 1744:11 UT, which is consistent with the
magnetic field measurements. On the time scale shown in
Figure | the solar wind on both sides of the shock is extremely
quiet, making this event well suited for a detailed analysis of
the upstream and downstream plasma parameters. Averaging
the magnetic field components over 240 seconds and the
plasma parameters over seven spectrums (283.5 seconds) gives
the quantities shown in Table 1. Parameters upstream and
downstream of the shock are denoted by subscripts 1 and 2,
respectively. Because the proton temperature in front of the
shock is unusually low the plasma parameters are subject to
substantial errors. This is particularly true for the proton’
density. n,,, and the proton temperature, 7,,. This probiem
does not exist for the downstream plasma. In order to obtain
optimum plasma parameters both the magnetic field vectors
and the measured downstream plasma parameters have been
used to compute the upstream parameters and at the same
time to check the consistency of the shock parameters (speed
and normal) with the MHD-Rankine-Hugoniot relations {Jef-
frey and Taniuti, 1964]. Where a computed value is considered
10 be more accurate than the observed one, it is used in Table |
with the observational value given in brackets. All upstream
and downstream quantities not included in brackets are mea-
sured quantities.

Since the magnetic field changes direction quite significantly
at the shock the coplanarity theorem can be used to obtain the
shock normal, n = —(0.738, 0.334, 0.586), in solar-ecliptic (x.
¥, 2) coordinates. The shock is therefore coming from the NE-
quadrant of the sun as seen from the spacecraft. The angles
between magnetic field and the shock normal are 4, = 47.5°
and 8, = 58.4°, respectively, indicating an oblique shock.
Because of the unusually low density and large magnetic field
strength at 0.47 AU the plasma beta is extremely small, 3, =
0.016 and 8, = 0.023, even behind the shock. Using d,. 4, and
f,;, the expected density ratio can be computed across the
shock, leading to a theoretical value of n,, = 6.8 cm~*. The
experimental value n,, = 5.6 cm™' is shown in brackets and is
well within the expected experimental error (~£20%) for the
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Fig. 2. The electric and magnetic field intensities associated with the shock on March 30, 1976, on a tme scale
corresponding to Figure 1. The shock occurred at 1744:00.5 UT 0.5 s. Note the narrow band electron plasma oscillations
upstream of the shock, the abrupt burst of noise at the shock, and the broad band of electric and magnetic field turbulence

in the wake region downstream of the shock.

density determination. The shock is unusual because of the
extremely large a-particle to proton ratio, n,/n, = 0.24, which
is the same on both sides of the shock, and the large electron to
ion temperature ratio, T,,/T, = 7, in the upstream region.

The Alfvén Mach numbers 4, computed from the normal
components ¥, of the velocity vectors in the shock frame and
the magnetic field are A,, = 1.8 and 4,; = 1.6 which are
greater than one as required for a fast MHD-shock. The fast
Mach numbers M, based on the fast magnetoacoustic speed
C,(0)turnouttobe M, = 1.2 > 1 and M, , = 0.8 respectively.
The Alfvén Mach numbers M,, and M ,,, with M, = {V|/V,
where V, is the Alfvén speed, are also given for later use.
Using these parameters the Rankine-Hugoniot relations also
yield an independent determination of the upstream velocity
vector V, = (—419.3, -7.9, 4.0) km/s, which is in very good
agreement with the observationally determined quantity in
brackets. The propagation speed of the shock in the direction
of the normal is 627 km/s.

4. PrasMa WavE TURBULENCE ASSOCIATED
W1TH THE MaRcH 30, 1976, SHOCK

The plasma wave clectric and magnetic field intensities asso-
ciated with the March 30. 1976, shock are shown in Figure 2,

on a time scale corresponding to the magnetic field and plasma
data in Figure |. The electric field intensities are given in 16
frequency channels from 31.1 Hz to 178 kHz and the :-axis
magnetic field intensities are given in 8 frequency channels
from 6.81 Hz 10 1.47 kHz. The intensity scale is logarithmic
with a range of 100 dB, from approximately | xV/m 10 0.1
V/m, for the electric field measurements and a range of 80 dB,
from 10-% to 10-! gamma/Hz'?, for the magnetic field mea-
surements. The solid lines for the electric field measurements
and the dots for the magnetic field measurements show the
peak field intensity over each measurement interval and the
vertical bars (solid black areas) show the average field in-
tensities. For the period of interest the sampling rate is one
complete spectrum of peak and average field intensities every
4.5 seconds. The electric field intensities in Figure | are plotted
on 4.5 second intervals and the magnetic field intensities are
plotted on 8 second intervals, after appropriate averaging of
the individual data points. The rapid increase of the electric
field background at low frequencies is caused by electrical
interference from the spacecraft solar array [see Gurrerr and
Anderson, 1977]. The enhanced background noise level in the
low frequency magnetic field channels ahead of the shock is
caused by low level magnetic field fluctuations which are essen-
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tially always present in the solar wind [see Neubauer et al.,
19776].

Because interplanetary shocks can provide unique informa-
tion on the large scale structure of a shock, with less uncer-
tainty concerning the motion of the shock compared to studies
of the earth’s bow shock, we first concentrate on describing the
large scale features of the plasma wave turbulence upstream
and downstream of the March 30, 1976, shock. Upstream of
the shock clectrostatic electron plasma oscillations at the local
electron plasma frequency (f,. = 26 kHz) are ¢learly evident in
Figure 2, starting about 5 minutes before the shock and in-

Electron plasma oscillations are also evident with somewhat
reduced intensities in the downstream region behind the shock.
The presence of plasma oscillations in the region behind the
shock differs from the usual situation in the earth's bow shock,
for which electron plasma oscillations are seldom detected
downstream of the shock [Rodriguez and Gurnett, 1975].

In the region behind the shock both the electric and mag-
netic field data in Figure 2 show the occurrence of a long
extended region of plasma wave turbulence. For the electric
field this wake turbulence is mainly concentrated in the fre-
quency range from | to 10 kHz, with maximum intensity at

creasing exponentially in intensity as the shock approaches. about 3 kHz. For the magnetic field the turbulence is mainly at

These upstream plasma oscillations are qualitatively similar to

the electron plasma oscillations commonly found upstream of
the earth’s bow shock in association with suprathermal elec-
trons streaming into the solar wind from the shock [Scarf et

al., 1977]. Using the shock velocity of 627 km/s from Table T'it

is estimated that the e-folding distance of the electron plasma
oscillations upstream of this shock is about 1.9 X 10* km.

DOWNSTREAM

SHOCK
TRANSITION
REGION

ir. PEAK ELECTRIC FIELD SPECTRAL DENSITY, VOLTS m~! Hz-/2
o,

Ty ULSALL S AL, SRR

Rl

FREQUENCY, Hr

frequencies below about 500 Hz, somewhat below the electron
gyrofrequency, increasing rapidly in intensity with decreasing
frequency. After the initial large burst at the shock both the
electric and magnetic field intensities are seen to have a re-

“markably linear decrease in intensity with increasing time. For

the semilogarithmic scale used this variation corresponds to a
simple exponentiaj decay, e~ *'/t, where x is the distance nor-
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—43m 576 s
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—43m XWes

P S PR

MELIOS-2, DAY 90, MARCH 30, I7 HR UT., i976

Fig. 3. A sequence of electric field spectrums through the shock transition with the highest time resolution available.
Each spectrum gives the peak field intensity over the 4.5 s interval since the preceding spectrum. The jump in the magnetic
field strength at the shock occurs at 44 min 0.5 s (sec Figure 5).
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Fig. 4. A sequence of magnetic field spectrum through the shock transition on a time scale corresponding to Figure 3. The
intensities are again peak values, however the times correspond 1o the center of each 4.5 s peak sampling interval.

mal to the shock and L is a characteristic e-folding length. For
the magnetic field the e-folding length increases slightly with
increasing frequency. Using the shock speed and shock normal
direction from Table | the e-folding lengths for the magnetic
field turbulence are found to vary from about L = 1.3 X 10®
km at 6.81 Hz to L =~ 2.5 X 10f km at 147 Hz. The e-folding
fengths for the electric field turbulence are significantly longer
than for the magnetic field turbulence and have a distinct
maximum at a frequency of about 3 to 5 kHz. The e-folding
lengths for the eiectric field turbulence at 3.11, 5.62 and 10.0
kHz are about 3.8 X 1¢® km, 1.9 X 10* km, and [.6 X 10* km,
respectively.

Since the waves constituting the downstream turbulence are
evidently being reabsorbed by the plasma, it is of interest to
consider whether these waves provide a significant energy in-
put into the plasma. At 1745:50 UT, shortly after the shock
crossing. the normalized electric (>178 Hz) and magnetic
(>4.7 Hz) field energy density ratios are approximately £°
(8xnkT) = 7.7 X 10-* and B*/(8xnkT) = 9.2 X 10-°. These
ratios show that the wave absorption provides a negligible

energy input to the total plasma energy, although the waves
may nonetheless play an important role in thermalizing the
plasma.

Having discussed the regions upstream and downstream of
the shock we now consider the plasma wave turbulence in the
vicinity of the transition region. Figure 2 shows that the peak
electric and magnetic field intensities near the shock are much
larger than the average intensities. The large peak to average
field strength ratios indicate that the turbulence in the transi-
tion region is very impulsive, consisting of one or more brief
bursts with durations short compared to the sampling interval
(4.5 seconds). The spectrum variations are illustrated in
greater detail in Figures 3 and 4, which show a sequence of
contiguous electric and magnetic field spectrums through the
transition region. A corresponding plot of the magneic field
strength for the same interval is shown in Figure 5. The spec-
trums in Figures 3 and 4 are numbered, with the sampling
times for the spectrums indicated at the top of Figure 5. The
spectrum intensities are the maximum value of the square root
of the power spectrum density, (E2°Af¥ ? and (8%'Af)2 for
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cach 4.5 second sumpling interval. Because of differences in the
internal tming of the experiments, the time for the electric
field spectrums correspond to the end of each sampling inter-
val, whereas the times for the magnetic field spectrums corre-
spond to the midpoints of each sampling interval. The electric
field spectrums in Figure 3 clearly show the upstream electron
plasma oscillations, the intense burst of broadband elec-
trostatic noise in the transition region and the relaxation to a
nearly steady level of noise from | to 10 kHz in the down-
stream region. A few weak bursts of electron plasma oscilla-
tions are also evident in the downstream region. gradually
merging into the broadband | to 10 kHz noise. The magnetic
field spectrums in Figure 4 are less complex and show a rela-
tively featureiess monotonic frequency variation, decreasing in
intensity with increasing frequency. Upsiream of the shock

low frequency precursor waves associated with the shock are

present in the low frequency channels, increasing gradually in
intensity as the shock approaches. These precursor waves are
also evident at even lower frequencies in Figure 5.

In the shock transtition region the magnetic field intensities
abruptly increase by a substantial factor at all frequencies up-
to | kHz, and then shift down to a relatively steady level in the
downstream region. Although the primary jump in the mag-
netic field at the shock occurs in less than [ second, both the
electric and magnetic field data show very large turbulence
levels for two successive 4.5 second intervals (spectrums 8 and
9) following the jump. Thus, the intense plasma wave turbu-
lence associated with the shock occurs behind the magnetic

field jump and extends over a region substantially thicker than

the current sheet associated with the ramp in the magnetic
field. This region of greatly enhanced turbulence is referred to
as the ‘shock transition region’ in Figures 3, 4, and 5. Detailed
analyses show that the most intense electric and magnetic field
turbulence occurs during spectrum intervai number 9. which
starts 1.1 seconds after the magnetic field jump for the electric
field measurements and 3.4 seconds after the jump for the
magnetic field measurements. The electric and magnetic field
spectrums for this interval are shown in greater detail in Fig-
ures 6 and 7, along with selected spectrums from the precursor
and wake regions. The peak broadband rms electric field
strengths for the shock spectrum in Figure 6, integrated from

ANAEYNE OF AN INTERPE ANE T ARY Sitnen \E

311 Hz to 100 kHe. 1s.2.12 mV m. The primary contribution
1o the broadband tieid strength occurs in the frequency runge
from about 210 3 kHz. The average magnetic field intensity for
the shock spectrum in Figure 7 fits a power law. B/(Af)' 2 = 0.4
f-'? gamma,/Hz'% 1o a good approximation over the fre-
quency range, 4.7 Hz < [ < 50 Hz. At high frequencies the
slope of the spectrum increases, with the power law index
varying from about 1.3 at 50 Hz 1o about 2.5 at 500 Hz.
Further information on the nature of the magnetic field
jump at the shock can be obtained from an analysis of the
search-coil magnetic field data. Because of the spacecraft rota-
tion the Z component of the magnetic field is best suited for
this purpose. According to Table | the absolute change in the
Z-component of the magnetic field is A8, = 8.9 gammas. As is
shown in more detail by Neubauer et al. [1977a] the contribu-
tion from the frequency range 4.7 Hz 10 2.2 kHz to the rms
value of B, = dB,/dt, ie. (B,)? can be obtained [rom the

_average magnetic field spectrum. In this case (8,97 for the 4.5
_second analysis interval which includes the shock is 10.9

gamma/s over the frequency range 4.7 Hz to 1.0 kHz. To
obtain (8,92 over the frequency range 0 to 1.0 kHz the
contribution from the 4 Hz bandwidth of the flux-gate magne-
tometer has been added to the search-coil data to give (8,27
= 16.0 gamma/s. Considering the shock to be a ramp of
duration Ar, we obtain A7 = AB,/(4.558,%) = 0.07 s, using
equation 4 from Veubauer et al. [1977a]. This time corre-
sponds to a length scale of 44 km. In other words, if a ramp
leading to A8, = 8.9 gammas occurred in less than 44 km the
frequency integrated power spectral density of 8, would give
the observed value. Of course, for the real case the contribu-
tion from wave fields must be added to the magnetic field
spectrum produced by the ramp. The shock thickness must
then be greater than 44 km. Theoretically, it is expected that
the shock should have a thickness of several c/wpp = V,y/'wep,
where V, is the Alfvén speed and w,, and w,, are the proton
plasma and proton cyclotron frequencies, respectively [Galeer,
1976]. From Table | the characteristic length ¢/w,, for this
shock is estimated to be about 70 km, which is in reasonably
good agreement with the shock thickness, 244 km, estimated
from the magnetic field data.

Although the time resolution is not adequate to determine
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broadband field strength.

the polarization of the plasma wave turbulence in the transi-
tion region, some information can be obtained on the polariza-
tion of the electric fields in the wake. Figure 8 shows the
angular distribution of the electric field intensitics in the down-
stream region at 3.11 kHz, near the peak in the spectrum of the
broadband electric field turbulence. This angular distribution
was obtained by sorting the electric field intensities into 16
equally spaced angular sectors, based on the antenna otienta-
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Fig. 7. Selected average magnetic field spectrums in the precursor
region upstream of the shock. in the transition region, and in the wake
downstream of the shock. The shock spectrum (number 9 in Figure 4)
corresponds to the time of maximum broadband field strength.

tion angle ps* in solar ecliptic coordinates, and computing
the frequency of occurrence of field intensities above fixed
threshold levels. Figure 8 gives the angular variation of the
electric field intensity at a constant frequency of occurrence of
20%. Since the electric field noise is very impulsive a long
accumulation interval, from 1745 to 1759 UT, was necessary
to reduce the statistical fluctuations to an acceptable level. The
angular distribution in Figure 8 clearly shows a pronounced
spin modulation, with maximum intensities at about ¢yg* =
=75° and +105° and sharp nuils at pgg* = —165° and +135°.
For comparison the average direction of the magnetic ficld,
+B and —B, projected onto the ecliptic plane, ¢sg® > —80°
and +100°, are shown in Figure 8. The electric field intensities
clearly have a symmetric distribution with respect to the solar
wind magnetic field direction, with the maximum intensity
when the antenna axis is parallel to the projected magnetic
field and sharp nulls perpendicular to the magnetic ficld. Al-
though the spin modulation only provides information on the
electric field direction projected onto the spin plane, the sharp
nulls, by about a factor of 10, together with the expected
azimuthal symmetry of the electric field distribution around
the magnetic field direction, provides strong evidence that the
electric field of these waves is very closely aligned along the
direction of the solar wind magnetic ficld, probably to within
less than 5°. Similar results are obtained at 1.78 and 5.62 kHz.

5. SuUMMARY aND DiscussioN

Because of the low level of solar activity during the solar
minimum, interplanetary shocks have been relatively rare in
the Helios data. Up to the present time only 5 events have been
identified and analyzed. These events show a large varniability
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in the intensity and charactenstics of the plasma wave wurbu-
lence associated with the shock. particularly for the electric
fields. In some cases only very weak electric field enhance-
ments. <10 uV m. are present in association with the shock,
whereas in other cases very intense bursts, 21 mV,m of elec-

tric field turbulence occurs at the shock and in the regions

upstream and downstream from the shock. To illustrate the
types of plasma waves which can occur in association with an
interplanetary shock one particular event, on March 30, 1976,
was selected for analysis. This event was selected because it
displayed a very substantial and well-defined burst of electric
and magnetic field noise at the shock, with usually quiet condi-
tions in the solar wind upstream and downstream of the shock.
The shock is an oblique shock (#s,, = 47.5°)and is charg;}g-
ized by a low Mach number (4., = 1.80, M,, = 1.2), a low
beta (3, = 0.016) and an unusually large electron 1o ion
temperature ratio (7,,/T,, = 7.0) upstream of the shock.
Three distinctly different types of plasma waves can be
identified in association with this shock, (1) narrow-band elec-
tron plasma osciflations, (2) a broad band of electrostatic
noise from about | to 30 kHz. and (3) a monotonic spectrum
of low frequency magnetic noise extending up to frequencies of
about 1 kHz. The observation of electron plasma oscillations
in association with an interplanetary shock is apparently new
and unique. since none of the other shocks detected by Helios
have electron plasma oscillations and no events of this type
have been previously reported. These observations of electron
plasma oscillations associated with an interplanetary shock are
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possibly of importance to the understanding of type Il anu
type 1V solar radio bursts, since for many years it has been
postulated that these radio emissions are generated by electron
plasma oscillutions produced by shock waves in the solar
corona [Kundu, 1965]. In fact. the solar flare responsible for
the shock analyzed is accompanied by a complex type 11 radio
burst at frequencies from about 25 10 200 MHz, starting at
1921 UT on March 28, 1976 [ Maxwedl, 1977]. Although Helios
is too far from the sun to directly detect the plasma oscillations

‘associated with these high frequency radio emissions, the ob-

servation of electron plasma oscillations at 0.47 AU strongly

“suggests that similar plasma oscillations, probably with even

greater intensities, are present closer to the sun. No locally
generated radio emissions were detected from the plasma oscil-
lations observed by Helios, evidently because of their low
intensities, which are only about 35 xV/m.

Electron plasma oscillations, similar to the March 30. 1976,
event are also commonly observed upstream of the earth’'s
magnetosphere [Scarf et al.. 1971], in association with supra-
thermal, 100 eV to 10 keV. electrons streaming into the solar
wind from the shock. It is presumed that the plasma oscilla-
tions detected by Helios are generated by essentially the same
mechanism. Although it is known that the electron beams
which generate plasma oscillations upstream of the earth’s
bow shock can propagate at least several earth radii, no defi-
nite determination has been made of the scale length over
which these waves are generated. The Helios observations
clearly show that the plasma oscillation intensity increases
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exponentially with decreasing distance from the shock. The e-
folding distance is found to be about 190,000 km, which is
consistent with our current knowledge of plasma oscillations
associated with the earth's bow shock. This scale length pre-
sumably represents the combined effects of the growth rate of

the plasma oscillation and the attenuation of the electron ™

beam by wave-particie interactions as the beam propagates
into the undisturbed plasma ahead of the shock.

Detailed comparisons of the transition region clectric field
spectrum in Figure 6 with spectrums given by Rodriguez and
Gurnett (1975, 1976] from the earth's bow shock show a very
close similarity. Of particular interest is the broad peak in the
spectrum at about 3 kHz, which is a characteristic feature of
the electric field spectrums in the earth’s bow shock, although
usually at somewhat lower frequencies, typically from 200 to
800 Hz. A comparable broad peak is also evident in the
spectrum of the September 15, 1974, interplanetary shock
investigated by Scarf [1978]. The unusually large electric field
intensities for the shock analyzed in this paper, compared to
the other events detected by Helios, also appear to be consis-
tent with the correlations found by Rodriguez and Gurnett
[1976], which show that large electric field intensities tend to
be associated with large electron to ion temperature ratios,
Tr/ T, upstream of the shock. As mentioned earlier, T,/ Ty,
was unusually large for the shock analyzed. Because of the
possibility of large Doppler shifts and the unknown wave
number distribution in the transition region the exact identifi-
cation of the waves modes responsible for the transition region

electric field turbulence remains difficult. In accordance with

the discussion of Greenstadt and Fredricks [1978] the most
likely plasma wave mode responsible for this turbulence is the
ijon-acoustic mode, although other possibilities such as the
Buneman mode [Buneman, 1958] cannot be completed ruled
out.

The broad band of electrostatic turbulence from 1 to 10 kHz
observed by Helios downstream of the {ransition region has
features broadly similar to the electrostatic turbulence in the
magnetosheath, downstream of the earth’s bow shock. As
described by Rodriguez and Gurnett [1975], the magnetosheath
electrostatic turbulence has a spectrum similar to the transi-
tion region, with a broad peak at a few kHz and intensities
about | to 2 orders of magnitude smaller than the transition
region. The electric field of the magnetoshcath clectrostatic

turbulence is also aligned parallel to the magnetic field [Rodri-

guez, 1979). in agreement with the electric field polarization
determined from Helios (see Figure 8) downstream of the
shock. Because of the high velocity of the shock relative to the
spacecraft the Helios observations provide a determination of
the large scale structure of the wake region which cannot be
easily obtained from studies of the earth’s bow shock. Most
remarkable is the very nearly exponential decay of the electric
field intensities in the wake and the occurrence of a distinct
peak in the spectrum at about 3 to 5 kHz. The exponential
decay and the emergence of a characteristic frequency strongly
suggests that this turbulence consists of a weakly damped
electrostatic mode excited by the shock which is slowly decay-
ing in amplitude as the plasma carries the waves downstream
of the shock. The impulsive variations indicated by the large
ratio of peak to average field strengths (see Figure 2) suggests
that these waves occur in small isolated packets or clumps
which are encountered by the spacecraft on a more or less
random basis.

When considering the possible plasma wave modes which
could account for these waves two possibilities naturally come

1o mind. the 1on-acoustic mode and the Buneman mode [Bune-
man, 1958). Since ion-acoustic waves are thought to play an °
important role in the transition region [Greenstadt and Fred-

‘ricks. 1978), it is reasonable to propose that the wake turbu-

lence simply consists of slowly decaying ion-acoustic waves.
Since the ion-acoustic mode can only propagate at frequencies
below the ion plasma frequency, f,,, which from Table I is
only about 691 Hz, very large Doppler shifts are required to
explain the observed frequency spectrum, which has a distinct
peak at about 3.11 kHz (see Figure 6). Fortunately, a reason-
ably accurate estimate of the Doppler shift can be made in this
case. The Doppler shift is given by

V
Af = X cos Qv

where V is the solar wind velocity, A is the wavelength, and 8,
is the angle between the solar wind velocity and the wave
vector k. Since the wake electric field turbulence is purely
electrostatic the wave vector direction is paraliel to the electric
field. As shown earlier the electric field of this noise is very
nearly parallel 1o the magnetic field. Therefore, 8, is approxi-
mately equal to the angle between the magnetic field and the
solar wind velocity, which from Table 1 gives fay >~ a, = 99.2°.
To compute the Doppler shift an assumption must be made
concerning the wavelength of the ion-acoustic waves. For
wave frequencies approaching the ion plasma frequency, the
wavelength of the ion-acoustic mode approaches the minimum
wavelength for waves in a plasma, which is given approxi-
mately by Amim = 27Ap, where A, is the Debye length [Stix,
1962). Using Ag; = 4.75m, ¥; = 507.2 km/s and 8y = 99.2°
the corresponding Doppler shift is Af = —2.72 kHz. The
frequency in the spacecraft frame of reference would be.f* ~
[fo + Af] = 2.03 kHz. As can be seen from Figure 6 this
frequency is in reasonably good agreement with the frequency
of maximum intensity (3.11 kHz) of the wake turbulence.
Thus, the wake electric field turbulence can be accounted for
by ion-acoustic waves which have wavelengths very close to
the minimum wavelength, kAp ~ 1. One difficulty with this
interpretation is that significant wave intensities are still ob-
served at frequencies as high as 10 kHz (see Figure 6), which
would imply wavelengths somewhat shorter than the mini-
mum wavelength 2xA,. This difficulty also occurs for ion-
acoustic waves in the transition region, since the electric field
spectrum in this region has significant intensities up to fre-
quencies as high as 56 kHz, which is too high 1o be accounted
for by the maximum possible Doppler shift, even if we let fa
= (°. Scarf [1978] has noted a similar problem in his analysis
of the September 15, 1974, event. Although troublesome, this
difficulty is probably not serious since the wavelengths would
only have to be smaller than the minimum wavelength by a
modest factor and the minimum wavelength condition is only
an approximate limit caused by the onset of strong Landau
damping as kA, — l. Also the Debye length in Table 1 is
somewhat uncertain because of the non-Maxwellian com-
ponent of the solar wind electron distribution.

It is also of interest to consider the interpretation of the
wake electric field turbulence in terms of the Buneman mode
[Buneman, 1958]. For the Buneman mode the phase velocity is
much larger than the solar wind velocity, so Doppler effects
are unimportant. The characteristic frequency of the Buneman
mode is f5 = {m./m,)" o, which for the parameters given in
Table | is approximately fs = 2.40 kHz in the downstream
region. This frequency is also seen to be in good agreement
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with the frequency of maximum electric field intensity 1n the
wake region (see Figure 6). Since the Bunemun mode is a very
rapidly growing mstability. with growth rates comparabile to
the frequency. the frequency spectrum of the waves produced
by this instability is expected to be very broad and impulsive,
possibly comparable to the observed spectrum. The Buneman
mode, however, has the difficulty that very large currents
(electron-ion drift velocities comparable to the electron ther-
mal speed) are needed to drive this instability. Since neither

the plasma measurements nor the magnetic field measure-

ments give any indication of such large currents in the rela-
tively quiescent wake region, it is difficult to see how the
Buneman mode could be driven unstable in this region, or why
the resulting electric fields should display the exponential de-
cay clearly evident in Figure 2. In the absence of any satisfac-
tory explanation for the generation of the Buneman mode in
the wake, we believe that short wavelength ion-acoustic waves
provide the most satisfactory explanation of the electric fieid
turbulence downstream of this shock.

In constrast to the uncertainty concerning plasma wuave
mode responsible for the electric field turbulence, the magnetic
field turbulence near the shock must be propagating in the
whistler mode since no other electromagnetic mode of propa-
gation exists at frequencies between the electron and ion cy-
clotron frequencies. The interpretation of the magnetic field
turbulence for this event is.greatly simplified because of the
unusually low Doppler shifts for most parts of the electromag-
netic waves spectrum. The low Doppler shifts in this case are
due firstly to the relatively small values of the Alfvén Mach
numbers (M,, = |.62and M ,, = 1.73) and secondly to the fact
that the magnetic field is aligned very nearly perpendicular 1o
the solar wind velocity (a, = 89.6° and «; = 99.2°). For
example, a wave propagating with a phase speed equal to the
Alfvén speed along the magnetic fieid will undergo fractional
Doppler shifts of only +1% and +28% upstream and down-
stream of the shock, respectively. Since for the R-mode {S1ix,
1962] the phase speed is greater than the Alfvén speed except
near the electron cyclotron frequency, [, Doppler shifts are
generally negligible for parallel propagation. For other propa-
gation directions the Doppler shifts are still reasonably smail
except near resonances. Hence, the magnetic field spectrums in
Figure 7 may be interpreted as lying close to the frequencies in
the shock rest frame. Since the electron cyclotron frequencies
range from about 1.23 to 1.58 kHz, it can be seen from Figure
7 that the magnetic field noise extends with appreciable in-
tensities up to about f../2 in the shock transition region. The
approximately exponential decrease in the low frequency. <10
Hz. magnetic field intensities in either direction from the shock
suggests that whistler-mode turbulence generated in the shock
can propagate freely away from the shock and is gradually
absorbed by cyclotron damping in the upstream and down-
stream regions. Measurements of the e-folding lengths for this
damping give a scale length for the cyclotron damping of a few
hundred thousand km. At higher frequencies, 210 Hz, most of
whistler-mode radiation tends to be directed into the down-
stream region.

In this paper we have attempted to present a detailed analy-
sis of one particular event for which a substantial level of
plasma wave turbulence was present. [t is clear from our initial
investigations that the details of the plasma wave turbulence
associated with a shock vary considerably from event to event.
This case should therefore not be regarded as necessarily typi-
cal of all interplanetary shocks. In the future, after more events
have been detected and analyzed. we plan to present a more

"
n

detailed study of the range of vanabiliy of the turbulence
associated with interplanetary shocks and to try 10 provide 4
better determination of the parumeters which cause this varia-
bility.

Acknowledgments.  The research at the University of lowa was
supported by NASA under contract NASS-11279 and grant NGL-16-
001-043, The research at the TU Braunschweig and MP! Garching was
supported by the German Bundesministerium fir Forschung und
Technologie.

The Editor thanks E. J. Smith and R. W. Fredricks for their ussist-
ance in evaluating this paper.

REFERENCES

Buneman, O.. Instability, turbulence and conductivity in a current
carrying plasma, Phys. Rev. Leunt.. |, 8, 1958.

Dehmel. G.. F M. Neubauer, D. Lukoschus. J. Wawretzko. and E.
Lammers. Das Indukiionsspulen-Magnetometer-Experiment (E4).
Raumfahriforschung, 19, 241, 1975,

Dryer. M.. A. Eviatar, A. Frohlich, A. Jacobs. J. H. Joseph. und E. J
Weber. Interplanelary shock waves and comet brightness fluctua-
tions during June-August 1972, J. Geophys. Res.. 80. 2001, 1975.

Fredricks. R. W., C. F. Kennel, F. L. Scarf. G. M. Crook. and I. M.
Green, Detection of electric-fieid turbulence in the earth’s bow
shock, Phys. Rec. Leu., 21, 1761, 1968.

Fredricks. R. W., F. V. Coroniti, C. F. Kennel, and F. L. Scarf. Fast
time-resolved spectra of clectrostatic turbulence in the earth’s bow
shock. Phys. Rev. Letwr., 24, 994, 1970a.

Fredricks. R. W., G. M. Crook, C. F. Kennel. I. M. Green. and F. L.
Scarf, Ogo 5 observations of electrostatic turbulence in bow shock
magnetic structures, J. Geophys. Res.. 75, 3751, 19706,

Galeev, A. A.. Collisionless shocks, in Physics of Solar Planerary
Environments. vol. 1, edited by D. J. Williams, p. 464. AGU. Waush-
ington. D. C.. 1976.

Gliem. F.. G. Dehmel. G. Musmann, C. Tarke, U. Krupstedt. and
R. P. Kugel. Die Bordrechner der Helios-Magnetometer-Experi-
mente E2 and E4, Raumfahriforschung, 20, 16, 1976.

Greenstadt, E. W.. and R. W. Fredricks. Shock systems in collisionless
plasmas, in Solar Sysiem Plasma Physics: A Twentieth Anniversary
Ocerciew, Notth-Holland. Amsterdam, in press. 1978,

Gurnett, D. A.. and R. R. Anderson, Plasma wave electric fields in the
solar wind: Initital results from Helios 1, J. Geophys. Res.. 82, 632,
1977,

Gurnett, D. A..and L. A. Frank, lon acoustic waves in the solur wind.
J. Geophys. Res., 83, 58, 1978.

Jeffrey. A.. and T. Taniuti, Non-Linear Wave Propagation. Academic.
New York. 1964,

Kundu. M. R.. Solar Radio Astronomy, Interscience, New York. 1965,

Maxwell. A.. Solar radio burst of spectral type !l recorded at Fort
Davis. Texas. during the period 20 March-2 May 1976. in Collecied

= Data Reports for STIP Interval I, Rep UAG-61, edited by H. E.
Coffey and J. A. McKinnon, p. 97. National Oceanic and Atmo-
spheric Administration. Boulder, Colo., 1977.

Musmann. G.. F. M. Neubauer. A. Maier. and E. Lammers. Das
Forsiersonden-Magnetofeldexperiment (E2). Raumyahriforschung.
12, 232, 1975.

Neubauer. F. M., H. J. Beinroth, R. Barnstorf. and G. Dehmel. Initial
results from the Helios-1 search-coil magnetometer experiment. J.
Geophys., 42. 399, 1977a.

Neubauer, F. M.. G. Musmann. and G. Dehmel, Fast magnetic fluc-
tuations in the solar wind: Helios 1, J. Geophys. Res.. 82, 3201,
19775.

Olson. J. V.. R. E. Holzer, and E. J. Smith, High-frequency magnetic
fluctuations associated with the earth’s bow shock. J. Geophys. Res.,
74. 4601, 1969.

Pinter, S., Velocities of propagation of March/April 1976 coronal and
interplanetary shock waves, in Collected Data Reports for STIP
Interval I, Rep. UAG-61, edited by H. E. Coffey and J. A. McKin-
non, p. 127, National Oceanic and Atmospheric Administration.
Bouider. Colo.. 1977.

Rodriguez. P.. Magnetosheath electrostatic turbulence. J Geophys.
Res.. in press, 1978.

Rodriguez. P..and D 2. Gurnett, Electrostatic and electromagnetic
turbuience associo .o with the earth’s bow shock. J. Gevphvs. Res..
80. 19. 1973.

Rodriguez, P.. and D. A. Gurnett, Correlation of bow shock plasma



L

552 GURNETT ET al. ANAIYSIS OF AV INTERPIANETARY SHOCK

wave turbulence with solar wind parameters, J. Geophys. Res. 31,
2871, 1976.

Sarns. E. T.. and J. A. Van Allen, Effects of interplanetary shock
waves on energetic charged particles, J. Geophys. Res.. 79. 4157,
1974,

Scarf, F. L.. Wave-particle interaction phenomena associated with
shocks in the solar wind, in Proceedings of the De Feiter Memorial
Symposium on the Study of Traveling Interplanetary Phenomena, D.
Reidel, Hingham, Mass., in press, 1978.

Scarf. F. L., R. W. Fredricks, L. A. Frank, and M. Neugebauer,
Nonthermal electrons and high-frequency waves in the upstream
solar wind. |. Observations, J. Geophys. Res.. 76, 5162, 1971.

Scarf, F. L.. R. W. Fredricks, 1. M. Green, and G. M. Crook, Obser-
vations of interplanctary plasma waves, spacecraft noise, and sheath
phenomena on Imp 7. J. Geophys. Res., 79. 73, 1974,

Schwenn, R.. H. Rosenbauer, and H. Miggennieder, Das Plasma-
experiment auf Helios (E1). Raumfahriforschung. 19. 226, 1975,
Smith. E. J.. and J. H. Wolfe, Observations of interactions regions and
corotating shocks between one and five AU: Pioneers 10 and 11.
Geophys. Res. Leut., 3, 137, 1976,

SlixééTz'. H.. The Theory of Plasma Waves, McGraw-Hill, New York,
1962.

Wu, C.S., and R. W. Fredricks, Cyclotron drift instability in the bow
shock, J. Geophys. Res., 77, 5585, 1972.

(Received March 23, 1978;
revised September 9, 1978;
accepted September 13, 1978.)



VOL. B4, NO. AS JOURNAL OF GEOPHYS_ICAL RESEARCH MAY 1. 1979
- lon Acoustic Waves and Related Plasma Observations in the Solar Wind
D. A. GURNETT

— _ Department of Physics and Asiromomy. The University of lowa. lowa City, lowa 52242

E. MARSCH, W. PiLiPP, AND R. SCHWENN

Max-Planck-Institut fir Physik und Astrophysik. Institut fur extraterrestrische Physik
8046 Garching, West Germany

H. ROSENBAUER

Max'-Planrk-lnslilul fiir Aerononie, 3411 Katlenburg-Lindau 3. Wesi Germany

This paper presents an investigation of solar wind ion acoustic waves and their relationship to the
macroscopic and microscopic characteristics of the solar wind plasma. Comparisons with the overall solar
wind corotational structure show that the most intense ion acoustic waves usually occur in the low-
- - velocity regions ahead of high-speed solar wind streams. Of the detailed plasma parameters investigated.

the ion acoustic wave intensities are found to be most closely correlated with the electron to proton
== temperature ratio T,/ T, and with the clectron heat flux. Investigations of the detailed electron and proton
distribution functions also show that the ion acoustic waves usually occur in regions with highly non-
Maxwellian distributions characteristic of doubie-proton streams. The distribution functions for the
double-proton streams are usually not resolved into two clearly defined peaks. but rather they appear asa
broad shoulder on the main proton distribution. Two main mechanisms. an electron heat flux instability

= and a double-ion beam instability, are considered for generating the ion-acoustic-like waves observed in
the solar wind. Both mechanisms have favorable and unfavorabie features. The electron heat flux
_ mechanism can account for the observed waves at moderate to large ratios of 7,/7, but has problems
when T,/ T, is small. as sometimes occurs. The ion beam instability appears to provide more flexibility in
- the 7./ T, ratio; however, detailed comparisons using observed distribution functions indicate that the ion

i r

beam mode is usually stable. Possible resolutions of these difficulties are discussed.

I. INTRODUCTION

Plasma wave observations on the Helios and Voyager space-
craft [Gurnett and Anderson, 1977. Gurnett and Frank, 1978:
Kurth et al., 1979] have demonstrated that short-wavelength
electrostatic waves are frequently present in the solar wind at
frequencies between the ion and electron plasma frequencies,
fo~ < f < f,~. The primary characteristics of these waves are
that they occur in brief monochromatic bursts with a rapidly
varying center frequency. The frequency spectrum of these
bursts varies systematically with radial distance from the sun,
as is illustrated in Figure 1, decreasing in frequency with
increasing radial distance. The upper and lower frequency
limits of the spectrum are approximately f,* and f,™. The
electric field of the waves tends to be aligned along the direc-
tion of the solar wind magnetic field. within approximately 15°
or less. The waves tend to occur in distinct ‘storms’ lasting
from a few hours 1o several days. separated by intervals of a
few days during which little or no activity is detected.

Only three types of plasma wave modes are known which
can account for the characteristics of the electrostatic waves
detected by Helios and Voyager. These modes are the Bune-
man mode [Buneman, 1958] at fz = (m~/m*)"*f,", the ion
acoustic mode at f < f,~. and electron plasma oscillations at
{ = f,~. Both the ion acoustic mode and the clectron plasma
oscillations require large Doppler shifts to explain the ob-
served frequency spectrum. At the present time the existing
evidence suggests that short-wavelength ion acoustic waves.
Doppler shifted to frequencies [,~ < f< f,~. provide the most
likely explanation for the waves detected by Helios and Voy-
ager. This identification is based on the wavelength measure-

Copyright ® 1979 by the American Geophysical Union.

ments of Gurnett and Frank [1978]. who showed that the
observed wavelengths provide the correct Doppler shift to
account for the observed frequency spectrum. In this case the
fact that the frequency spectrum falls in the range [,* < f <
[~ is purely coincidental, since the overall proportionality to
fp* and f,~ can be explained in terms of the density depen-
dence of the Debye length A,, which determines the minimum
wavelength and the maximum Doppler shift. Electron plasma
oscillations. Doppler shifted downward in frequency, are not
considered a very likely possibility for explaining these waves.
since such oscillations could only be excited by relatively ener-
getic particles streaming back toward the sun, which have not
been observed. Similarly, the Buneman mode is not considered
a very likely possibility because of the very large relative drift
velocities. and hence currents, which are required to drive this
instability. Although a complete understanding of the instabil-
ity mechanism and mode of propagation has not yet been
achieved. we will continue to refer to these waves as ion
acoustic waves, following our previous terminology.

The primary objective of this paper is to present a study of
the relationship between the interplanetary ion acoustic waves
detected by Helios and the macroscopic and microscopic char-
acteristics of the solar wind plasma. For details of the Helios |
and 2 plasma wave and plasma instruments used in this study.
see Gurnelt and Anderson [1977). Schwenn et al. [1975], and
Rosenbauer et al. [1977]. Special emphasis is placed on deter-
mining which plasma parameters play the primary role in
controlling the intensity and occurrence of ion acoustic waves
in the solar wind. Because it is well known that the ion acoustic
instability is very sensitive to the electron lo ion iemperature
ratio [Srix, 1962]. special attention is given to this parameter.
The detailed electron and proton velocity distribution func-
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Fig. I. A series of spectra of the interplanetary ion acoustic waves

detected by Helios and Voyager at progressively closer distances o the
sun (from top to bottom). The increase in the intensity and the
frequency of these waves with decreasing radial distance from the sun
is clearly evident.

tions are also examined to try to establish the source of free
energy which drives the ion acoustic waves. Both the electron
heat flux mechanism of Forsiund [1970] and the double-ion
beam mechanism of Gary [19784a] are considered.

2. RELATIONSHIP TO SOLAR WIND STREAM STRUCTURE

To investigate the relationship between periods of enhanced
ion acoustic wave activity and the large-scale corotational
structure of the solar wind. a series of combined plots of the
plasma wave and plasma data have been made for each solar
rotation during the Helios | and 2 mission. Three representa-
tive plots of this type are shown in Figures 2. 3. and 4. Each
plot shows one complete solar rotation. The abscissa is the
Carrington longitude of the spacecraft. The day number and
heliocentric radial distance are also shown for reference at the
bottom of each plot. The top panels give the proton flow speed
V,. density n,. and temperature 7, as obtained from the Max-
Planck plasma instrument. The middle panels give the electric
field intensities from the University of Towa plasma wave

GURNETT ET AL.. SOLAR WIND JON ACOLSTIC WaVES

instrument in || frequency channels extending from 311 Hz to
100 kHz. The solid line in each channel gives the peak clectric
field intensity. and the vertical bars (black areas) give the
average electric field intensity. The dynamic range for each
channel is 100 dB. extending from about 10-* 10 10-'Vm-.
The bottom panels give the electron heat flux Q. (in units of
ergs cm~? s-') and the electron to proton temperature ratio
T./T,.

Two lypes of waves can be identified in the electric field
measurements of Figures 2. 3, and 4: (1) ion acoustic waves in
the frequency range from about | to 10 kHz and (2) narrow
band electron plasma oscillations in the frequency range from
about 31.1 to 56.2 kHz. Both the ion acoustic waves and the
electron plasma oscillations vary considerably during a solar
rotation. Usually, two or three periods of enhanced ion acous-
lic wave activity occur during each solar rotation, separated by
periods of relatively low intensity. The periods of enhanced ion
acoustic wave activity usually last from a few hours to several
days and are most pronounced in the peak intensity measure-
ments. 1t should be noted that the peak intensity measure-
ments. which are computed over time intervals of 36.0 min, are
extremely sensitive to even very low levels of activity, since
even a single burst of noise with a duration greater than 50 ms
during any 36.0-min sampling interval will be indicated. Even
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Fig. 2. The plasma wave efectric field intensities and solar wind
electron and proton parameters for one complete solar rotation.
plotted us a function of the Carrington longitude of the spacecraft.
Some sproudic 10N Jcouslic wave activity is present nearly all of the
lime. However. the mosl intense ion acoustic waves tend 1o occur in
the low-velocity regions ahead of high-speed streams. where T, T, is
large. and in regions of large ¢lectron heat flux Q..
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Fig. 3. The plasma wave and solar wind plasma data for the next
solar rotation following that of Figure 2. The sume general trend.
toward large ion acoustic wave intensities ahead of high-speed streams
and in regions of large 7,/T, and Q.. is again evident.

during quiet periods a low level of ion acoustic wave activity
can usually be detected with peak intensities of about 1-10 N
m-". During more active periods. such as those on day 326 in
Figure 2 and days 71-75 in Figure 4. the peak intensities in a
given channel (~ 10% bandwidth) are typically 50-200 uV m~".
The peak intensities are always much larger than the average
intensities. The large ratio of peak to average field strengths
indicates that the ion acoustic waves consist of many impulsive
bursts. with a time interval between the bursts which is much
larger than the duration of the bursts.

When the ion acoustic wave intensities are compared with
the solar wind velocity measurements. a fairly consistent pat-
tern can be identified in Figures 2. 3. and 4. Whenever a well-
defined high-speed stream onset is evident in the proton flow
speed V. this onset is usually preceded by a period of en-
hanced ion acoustic wave activity ahead of the high-speed
stream. Examples of this relationship can be seen for the high-
speed stream onsets on days 327 and 333 in Figure 2. days 357
and 2 in Figure 3. and days 74 and 84 in Figure 4. The ion
acoustic waves therefore tend to occur in the low-speed region
immediately preceding a high-speed stream interface. Within
the high-speed stream regions. where the velocities are greater
than about 500 km s~'. the ion acoustic wave intensities are
usually quite low. The relationship between the ion acoustic
wave intensities and the high- and low-speed stream regions
can be placed on a more quantitative basis by computing the
average of the 36.0-min peak electric field intensities as a

function of the proton flow speed using all of the availuble
data. which include approximately 4 vears of observations.
The result of this correlution analysis is illustrated in Figure £,
which shows the electric tield intensities at §.62 kHz. roughly
in the center of the ion acoustic wave spectrum, averuged in a
sequence of contiguous solar wind velocity windows. A nega-
tive correlation is clearly evident between the ion acoustic
wave intensities and the solar wind velocity. showing that on
the average the wave intensities are large in the low-speed solar
wind regions. Although Figure § indicates a definite negative
correlation. a large amount of scatter is also present which
tends to reduce the correlation in comparison with what one
would expect on the basis of a visual examination of Figures 2,
3. and 4. This scatter usually results from periods. such as the
period from day 86 to duy 92 in Figure 4. that have a complex
structure not simply resolved into low- and high-speed
streams.

A more detailed iflustration of the electrostatic wave activity
observed near a high-speed streum interface is shown on an
expanded time scale in Figure 6. This example is for the high-
speed stream imerface in Figure 4 at about 0940 UT on day 74.
1976. The interface in this case is characterized by a clearhy
defined tangential discontinuity [Gosfing et al., 1978] showing
an abrupt increase in the proton flow speed and temperature

_and a corresponding decrease in the plasma density, which

maintains an approximate pressure balance. across the inter-
face. The region of high plasma density. characteristic of the
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Fig. 5. A plol of the averuge of the peak 36-min electric field
intensities at 5.62 kHz as a function of the solar wind velocity using ull
of the availuble Helios | and 2 data. The error bars are the standard
deviation of the average solar wind velocity in each interval. This
illustration shows the general trend toward increasing ion acoustic
wave intensities with decreasing solar wind velocity.

compression sone ahead of the high-speed streum (sec. for
example. Hundhausen [1972]). is clearly evident in Figures 4
and 6. As can be seen in Figure 4. several periods of sporadic
ion acouslic wave activity are evident for nearly 3 duays hefore
the onset of the high-speed streum. These waves reach their
highest intensities from about 1200 to 2400 UT on day 73.
abotit 16 hours aheud of the stream interface. A few sporadic
bursts of ion acoustic waves are also evident from about 0940
to 1130 UT on day 74. immediately after the stream interface
but before the proton flow speed has reached its maximum
value. Electron plusma oscillations are also evident in this
same region.

3. CoRretaTion WitH T,/ T,

A well-known characteristic of the ion acoustic mode is that
the damping. and hence stability. of this mode s strongh
influenced by the electron to ion temperature ratio 7, T, [Stix,
1962]. For values of T,/T, less than . the phase velocity of the
ion ucoustic mode is comparable to the thermal velocity of the
ions. and the wave is strongly damped by Lundau damping. As
T./T, increases above 1. the phase velocity increases. and the
number of resonant ions. and hence the damping. rapidi
decreases. The jon acoustic mode is therefore difficult to drive
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Fig. 7. A scatter plot of the ion acoustic wave eleciric field in-
tensities as a funcion of 7../T, for the three solar rotations shown in
Figures 2. 3. und 4. Although a considerable amount of scatter exists
in these data. the generual trend toward increasing electric field in-
tensity with increusing 7,7, is clearly evident.

unstable for vulues of T,/T, less than or comparable to 1.
Because the electrostatic waves under consideration are
thought to be caused by an ion acoustic instability. it is of
considerable interest to investigate the relationship between
the intensity of these waves and the corresponding electron to
ion temperature ratios.

Becuuse of the non-Muxwellian anisotropic character of the
solar wind plasma. several different methods can be used to
compute the electron and proton temperatures. For this study,
all temperatures huve been computed from the second moment
of the velocity distribution function f(V):

akT = mJf(VXV — Uy &V

where & is Boltzmann's constant, m is the particle mass, and {
is the bulk velocity. Since the solar wind ion acoustic waves are
known to be propagating approximately parallel to the mag-
netic field. ideullv one should use the temperature parailel o
the magnetic field. However, since the angular field of view of
the electron instrument is restricted to a 18° wide disk in the
ecliptic plane. it is not possible to -measure parallel electron
temperatures if the magnetic field is more than about +10°
from the ecliptic plune. To provide the best estimate of the
parallel temperature. the electron temperature has been com-
puted along a direction parallel to the projection of the mag-
netic field in the ecliptic plane. The proton temperature has
been computed along the spacecraft-sun line. Comparison
with the temperature tensor resulting from a complete analysis
of the three-dimensional proton measurements shows reason-
able agreement provided the B vector is within a 45° cone
around the radial direction. In addition. since the temperature
anisotropies are normally less than a factor of 2, the errors
introduced by this simplified analysis are not expected to be
large. In uny case. these temperatures are considered adequate
for this initial survey. More detailed analyses of the electron

and proton distribution functions for a specific case are pre=

sented luter.

As can be seen from the T,. T, plots in Figures 2. 3, and 4.
the temperature rutio varies considerably during any given
solar rotation. from about 0.5 1o greater than 10. These varia-
tions are muinly due to changes in the proton temperature,

since the ¢lectron temperature tends to remuin relatively con-
stant at about (1-2) x 10* °K  Comparisons of the 7,. T,
variaions with the ion acoustic wave intensities generally
show a4 good correlation. with a strong tendency for the wave
intensities 1o be large when T, T, is large. For example. the
large increases in T, T, centered on days 326. 331, and 341 in
Figure 2. on davs 357. 2, and 10 in Figure 3, and on days 73,
82. and 88 in Figure 4 are all associated with periods of
enhanced ion acoustic wave activity. The correlation with 7,
T, can be seen in further detail in Figure 6. which shows that
the intense burst of ion ucoustic waves from about 1200 to
2400 UT on duy 73 is centered on a region of unusually large
T./Ty with T./T, = 10 at 1900 UT.

The correlation between the ion acoustic wave intensities
and 7,/ T, is presented on a more quantitative basis by the
scatter plot in Figure 7. This illustration shows the peak elec-
tric field intensities at 5.62 kHz. approximately in the center of
the ion acoustic wave spectrum. und the corresponding T,. T,
values for all of the data in Figures 2. 3. and 4. Although a fair
amount of scatter exists. the general trend toward larger elec-
tric field intensities at larger values of T,/T, is clearly evident.
This correlation cun be demonstrated even more clearly if the
peak electric field intensities are averaged and plotied as a
function of 7., T,. as is shown in Figure 8. As can be seen. the
average ion ucoustic wave intensities increase by about a factor
of 7. from 70 10 500 1V m -, as the electron to proton temper-
ature ratio increuses from 1.0 10 10.

The T,.'T, correlution described above also fits in well with
the overull morphology of the ion acoustic wave activity and
the relationship to the high-speed stream structure discussed in
the preceding section. A well-established observational feature
of the solar wind plusma flow is that the proton temperature
tends to be largest in the high-speed streams and drops sub-
stantially in the low-speed regions [Hundhausen. 1972]. Some-
times the proton temperature in the region immediately ahead
of the high-speed stream drops to extremely low values, ~ 10
°K. as is illustrated by the example in Figure 6. Since the
electron temperuature does not chuange by very much across the
stream interface. this pattern usually results in large 7., T,
values aheud of the high-speed stream interface, in the region
where the ion ucoustic waves tend to be most intense.
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Fig. 8 A further detuiled analysis 2f the data in Figure =, showing
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in euch intervul. The ion ucoustic wave intensity increases by about a
factor of Tas T.. T, increases from * to 10.
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Overall. the observed correlation of the electrostatic wave
intensities with T,, /T, supports the view that these waves are
an ion-acoustic-like mode. One unexplained feature of this
correlation is the fact that although the electric field intensities
tend to increase as 7,/7T, increases. substantial ion acoustic
wiave intensities sometimes occur even when 7,. T, is quite
small. For example. in Figure 6 a moderately intense burst of
ion acoustic waves can be seen from about 0930 to 1130 UT on
day 74. in a region where T,/ T, is approximately 0.3. Since the
ion acoustic mode should be strongly damped under these
conditions, an important question arises as to how the ion

heat lux. The computed heat flux in this case is . = 2.2 x
10-erg cm "7 s ' The relative drift induced between the core

electrons and the solar wind protons by this heat flux has been
suggested by Forsiund [1970] as a possible mechanism for
producing ion acoustic waves in the solar wind.

To provide an overall evaluation of the possible role of the

electron heat flux as the source of the interplanetary ion acous-

tic waves, the electron heat flux has been plotted in the bottom
panels of Figures 2. 3, and 4. Whenever possible. the electron
parameters were computed when the magnetic field was within
+10° from the ecliptic plane. Large variations in the electron

acouslic mode can be unstable in regions such as this and what
feature of the proton and electron velocity distribution is
responsible for the instability. The presence of electron plasma
oscillations in this sume region suggests that some unusual
suprathermal particle distributions are probably present im-
mediately following the high-speed stream interface which
may ualso be responsible for generating these waves.

4. CoMPARISONS WiTH ELECTRON AND PrOTON
DISTRIBUTION FUNCTIONS AND
RELATED PARAMETERS

Since the generation of the solar wind ion acoustic waves
must involve some suitable source of free energy. detailed
comparisons have been made with the electron and proton
distribution functions to try to identify the primary feature of
the distribution function which is responsible for these waves.
A typical example of these comparisons is illustrated by the
electron distribution function in Figure 9. This distribution
function was selected from the period of very intense ion
acoustic wave activity in Figure 6.

The top panel of Figure 9 shows a contour diagram of the
electron distribution function at about 1702:50 UT on day 73.
near the time of maximum wave intensity. The electron distri-
bution functions are measured by using a detector viewing
radially outward from the spacecraft spin axis. The spin axis is
oriented perpendicular to the ecliptic plane. The contour dia-
gram in the top panel of Figure 9 therefore represents a cut
through the distribution function parallel to the ecliptic plane.
To assure that all possible pitch angles with respect to the
magnetic field are contained within such a cut. the measure-
ment in Figure 9 was selected at a time when the magnetic field
direction was nearly parallel. 85 = —9.8°, to the ecliptic plane.
The magnetic field direction projected onto the ecliptic plane is
indicated by the dashed line in the top panel of Figure 9. A
one-dimensional cross section of the electron distribution
function along the direction of the magnetic field, with positive
velocities away from the sun. is shown in the bottom panel of
Figure 9. The best fit Maxwellian distribution function for the
core electrons is also indicated in Figure 9. The core temper-
ature, paralle! to the magnetic field. in this caseis 7. = 1.4 X
10® °K. A detailed description of the methods used to compute
these distribution functions will be given elsewhere.

As can be seen from Figure 9. the electron distribution
function is a monotonically decreasing function of velocity in
all directions with respect to the magnetic field and shows no
evidence of a double peak in the distribution function over the
entire energy range. 10 eV to 1.6 keV. for which measurements
are available. Measurements at even higher energies. >20keV.
(E. Keppler. personal communication. 1978) also show no
evidence of a double peuk. The onlv identifiuble feature of the
distribution function which could contribute to the free energy
avaiiable for generating waves is the slight asymmetry. parallel
and antiparallel to the magnetic field. caused by the electron

heat flux are clearly evident, even on relatively short time
scales. Detailed comparisons with the ion acoustic wave in-
tensities show that the heat flux is usually relatively large, 10-?
to 10 'ergcm~?5-' in the region where the ion acoustic waves

occur. This relationship is illustrated in better detail by the
scatter diagram in Figure 10, which shows the electric field

intensity at 5.62 kHz as a function of electron heat flux Q, for
the three solar rotations in Figures 2. 3. and 4. As can be seen,
the clectric field intensities show a very clear correlation with
Q.. increasing in intensity with increasing heat flux. Since the
physically relevant parameter for the electrostatic heat flux
instability is the skewness of the electron velocity distribution
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Fig. 9. The clectron distribution function for the period of intense
ion acoustic wave activity in Figure 6 at about 1702: 30 UT on dav 7.
The only source of free energy evident in the electron velocity distribu-
tion which could drive the ion acoustic waves is the asymmetry due to
the electron heat flux, '
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Fig. 10. A scatter plot of the ion acoustic wave electric field intensities as a function of the electron heat flux for the
three solar rotations shown in Figures 2. 3, and 4. The electric field intensity shows a clear correlation with the heat flux.

increasing with increasing Q,.

function [Forslund. 1970: Gary, 1978b]. the average electric
field intensities have also been computed as a function of the
normalized electron heat flux. Q./n.m.V,,3. where V,, is the
core electron thermal velocity. The results of this analysis are
illustrated in Figure 11, which shows a rapid increase in the
clectric field intensities as the normalized electron heat flux
increases. Of particular interest is the rapid increase in the
electric field strength when the normalized heat flux exceeds
about 0.1, which suggests an approximate threshold condition
for the ion acoustic instability.

To investigate the possible relationship with the solar wind
proton distributions. Figure 12 shows a representative proton
distribution function selected from a period of intense ion
acoustic wave activity. This distribution function is from
about 1700:08 UT on day 73. nearly simultaneous with the
electron distribution function in Figure 9. Since the plasma
instruments on Helios measure the full three-dimensional dis-
tribution function of the solar wind protons, cuts and projec-
tions of the proton distribution function can be made in any
desired plane. The top panel of Figure 12 shows a cross section
of the proton distribution function in a plane containing the
magnetic field and the spacecraft-sun line. The positive ¥, axis
is directed toward the sun. and the magnetic field direction is
indicated by the dashed line. The bottom panel shows the
reduced one-dimensional distribution function F(¥) obtained
by integrating over velocities perpendicular to the magnetic
field. Details of the procedures used to compute these distribu-
tion functions are given by Marsch et al. [1979).

As can be seen from Figure 12. the proton distribution
function in the region where the intense ion acoustic waves are
observed displays a marked asymmetry with respect Lo veloci-
ties parallel and antiparallel to the magnetic field. This asym-
metry is caused by the presence of a double-proton stream of
the type discussed by Feldman et al. [1973a. b] and Rosenbauer
et al. [1977]. The secondary proton stream in this case has a
velocity shift of about 80 km s~ with respect to the main solar
wind stream and a relative density of about 3%. Although the
shoulder on the distribution function is caused by the second-
ary stream. the distribution function does not have a clearly

resolved double peak. at least not within the velocity resolu-
tion of the instrument, which is about 30 km s-'.

The fact that a double-proton stream is present in the region
of intense ion acoustic waves is of considerable interest. since
Gary [1978a] has proposed that these waves are caused by an
‘ion-acoustic-like’ instability driven by a double-ion beam.
Whether or not the double-proton stream in Figure 12 can
actually produce this instability is a question which will be
discussed later. Observationally. detailed inspection of the
proton distribution function for cases in which ion acoustic
waves are present nearly always shows some evidence of a
double-proton stream. However. in most cases the secondary
proton stream is not resolved into a separate peak. but rather
appears as a shoulder on the main proton distribution. as in
Figure 12.
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Fig. 12. The proton distribution function for the period of intense
ion acoustic waves in Figure 6 at about 1700:08 on day 73, very close
1o the time for the electron spectrum in Figure 9. The large asymmetry
in the reduced one-dimensional distribution function is caused by a
double-proton stream. Double-proton streams of this type. usually
consisting of 4 broad shoulder on the main solar wind proton distribu-
tion. are usually present in the regions where the ion acoustic waves
are observed.

At the present time it is difficult to put the correlation with
double-proton streams on a clear quantitative basis, since it is
very time consuming and costly to compute individual stream
parameters from the three-dimensional measurements for a
large quantity of data. such as would be required for a detailed
statistical analysis. To provide a rough quantitative indication
of the level of correlation. we have compared the ion acoustic
wave intensitics with the one-dimensional fit parameter x°.
which indicates how well the radial proton flux fits a Max-
wellian velocity distribution. The main utility of the x* param-
eter is that it is readily available for all of the plasma data and
that any deviation from a simple Maxwellian. such as one due
to a double-proton stream. is indicated by an increase in x.
The main disadvantages are that the fit parameter does not
detect deviations from a Maxwellian in directions transverse 10
the radial direction and that other tyvpes of deviations. not
auributable to double-proton streams. can affect x* Practi-
cally. although u large x* does not uniquely identify the pres-
ence of a double-proton stream. our experience from investi-

gating individual cases s that a large x’. 2100, provides a
reasonably reliable indication of 4 double-proton stream A
plot of the average 5.62-kHs electric field intensities J4s 4
function of x? is shown in Figure | 3. using all of the available
data. As cun be seen. the electric field intensities show 4
moderately good correlation with x? thereby indicating that
double-proton streams are usually present when the ion acous-
tic wave inlensities are large. The correlation of the ion acous-
tic wave intensities with double-proton streams also fits in well
with the overall morphology of the ion acoustic wave activity.
since. as is discussed by Feldman et al. [1973b]. double-ion
streams tend to occur in the low-velocity regions between high-
speed streams. which is where the ion acoustic wave intensities
are usually the largest. Although a correlation with double-
proton streams clearly exists. it is still by no means certain that
double-proton streams provide the free energy to generale the
jon acoustic waves, since the double-peaked proton distribu-
tion required for the ion beam instability is usually not ob-
served.

5. SUMMARY anD DisCuUSSION

In this paper we have investigated the relationship of inter-
planetary ion acoustic waves to the large-scale corotational
structure of the solar wind and to various detailed plasma
parameters. The results of this study show that the ion acoustic
waves usually occur with the greatest intensity and frequency
of occurrence in the low-speed regions immediately preceding
the onset of a high-speed stream. Comparisons with the de-
tailed plasma parameters show that the ion acoustic waves
have 4 good correlation with the electron to proton temper-
ature ralio. increasing in intensity by about a factor of 7 as the
electron to proton temperature ratio increases from 1.0 to
10.0. The electron velocity distribution functions in the region
where the ion acoustic waves occur are usually monotonic over
a large range of energies and do not show any evidence of a
double peak which could drive an electrostatic instabihity. The
only source of free energy which can be identified in the
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electron velocity distribution function is the asymmetry caused
by the electron heat flux. Detailed comparisons show that the
ion acoustic wave intensities have a good correlation with the
electron heuat flux. increasing by about a factor of [0 as the
normalized heat flux increases from Q.1 to greater than 1.0.
The only source of free energy that can be identified in the
proton distribution function is the occurrence of double-pro-
ton streams. Examination of the proton distribution function
in the regions where the ion acoustic waves are observed
usually shows evidence of a double-proton stream. Detailed
statistical analyses also show a good correlation with the x?
parameter. which indicates the presence of a double-proton
stream. The secondary proton stream is. however. almost
never clearly resolved into a separate peak. but rather appears
as a shoulder on the main solar wind proton distribution.

Although an extensive study has been undertaken to try to
identify the primary features of the plasma distribution re-
sponsible for the solar wind ion acoustic waves. it has become
increasingly clear that a combination of parameters controls
the generation of these waves and that at the present time 2
definitive identification of the instability mechanism is prob-
ably not possible. One inherent problem is thut because of the
complex interdependence of the various solar wind parame-
ters. it is very difficult with a statistical analysis to identify
conclusively the relevant parameters that control the genera-
tion of these waves. Nonetheless, the results of this study do
provide important limitations on the possible instability mech-
anisms and provide a quantitative basis for further theoretical
analysis.

When the possible mechanisms for generating the ion acous-
tic waves are considered. there appear at the present time 1o be
three general possibilities: (1) the waves are ion acoustic waves
driven by the electron heat flux. as has been suggested by
Forslund [1970]: (2) the waves are an ion-acoustic-like mode
driven by a double-proton stream, as was suggested by Gary
[1978a]: or (3) the waves are driven by a yet undetected feature
of the velocity distribution function. The favorable and unfa-
vorable features associated with each of these possibilities are
now considered in detail.

The good correlation of the ion acoustic wave intensities
with the electron heat flux and with 7,/ T, provides substantial
support for the suggestion of Forslund [1970] that ion acoustic
waves could be driven unstable in the solar wind by the clec-
tron heat flux. As was pointed out by Gary [1978a]. the princi-
pal difficulty with the electron heat flux mechanism is that for
typical values of 7,/T, the relative drift velocity induced be-
tween the core electrons and the solar wind protons is 100
small to drive the ion acoustic instability. If we take favorable
cases. such as the case in Figure 6 at about 1800 UT. where T,/
T, = 10. then it can be demonstrated that the ion acoustic
mode is very close to instability. For example. by using the
measured electron heat Aux Q.. the relative drift velocity to
between the core electrons and the solar wind protons can be
estimated by using equation (4) of Feldman et al. [1975]:

Q,=%nr°,kT,(77-_" - 1) )

where T. and T, are the electron core and halo temperature
and & is the Boltzmann constant. Using the measured values of

e =22x10%ergcm~?s 7T =13 x10°°K.and 7, = 3.4
x 10% °K. (1) above givesr, = 47 km s~'. Using the measured
electron temperature of 7, = 1.4 X 10* °K. the ratio of the
relative drift velocity to the electron thermal speed is Coc/tin =
3.2 X 1077 Using the plot of the critical drift velocity for

electrostatic instability given by Freid and Gould [1961] and
T./T. = 10, it can be shown that the drift velocity is close to
instability. within about a factor of 2. Thus in this casc the
electron heuat flux mechamism provides a reasonable ex-
planation for the observed.

However, in other cases, such as can be seen in Figure 6. ion
acoustic waves with substantial intensities are still present
when 7,/T, >~ 1. The observations of ion-acoustic-like waves
at such low values of T,.' T, represent a serious problem for the
electron heat flux mechanism. Nonetheless. various possi-
bilities exist for improving this situation which need to be
further explored. For example, the proton temperatures in this
study are a best fit to the entire proton distribution. including
any double-proton stream contribution, and are therefore
somewhat too large for purposes of computing the ion acous-
tic instability thresholds. Also. deviations of the proton distni-
bution from a Maxwellian may occur in such a way as to
reduce the proton Landau damping. Further consideration of
these effects involves very detailed computer analyses using the
measured distribution functions und will be discussed in a
future paper [Dumt er al.. 1979].

The frequent observation of double-proton streams in asso-
ciation with the solar wind ion acoustic wuaves also gives sub-
stantial support for the proposal of Gary [1978a] that these
waves are produced by an electrostatic double-ion beam insta-
bility. However, detailed modeling calculations using the ob-
served proton distribution functions show that it is difficult to
satisfy the instability criterion for the ion beam mode. The
basic reason for this difficulty is that the double-proton
streams usually are not well enough resolved to produce a two-
stream instability. Typicaily. the proton beam only appears as

_a shoulder on the main proton distribution as in Figure 2.

The absence of a clearly defined double peak probably cannot
by itself be taken as evidence against this mechanism. since the
instrument resolution of about 30 km s~! may in some cases
smear out the minimum between the two peaks. Also, wave-
particle interactions may act to fill in the minimum in such a
way as to produce a marginally stable distribution. If we
ignore the fact that the minimum usually does not exist and 1ry
to fit observed proton distributions to two Maxwellians. some
rough comparisons can be made with Gary’s instability thresh-
old calculations. For example. the two Maxwellian distribu-
tions indicated by the dashed lines in Figure 10 give a ratio of
the beam density to the main stream density of n,/n,, = 0.03.a
ratio of the beam temperature to the main stream temperature
of T»/Tm = 1.1. a ratio of the electron temperature to the main
proton stream temperature of 7., T, = 6.67, and a ratio of the
beam velocity to the main stream thermal velocity of Vo, 'V, =
3.0. Comparison of these parameters with the ion beam insta-
bility calculations in Figure 4 of Gary [1978a] shows that the
jon beam mode should be stable for these conditions. These
results are in agreement with the recent comparisons of Lem-
ons et al. [1979]. in which it was also concluded that the ion
beam mode is stable. although not by a large factor. The main
advantage of the ion beam instability in comparison to the
electron heat flux instability is that for a given 7,/ T, the ion
beam instability can occur at a lower relative drift speed be-
tween the core electrons and the main proton stream. In this
sense. the ion beam mode seems Lo offer the best possibility for
explaining the existence of these waves. although the detuiled
reasons for the discrepancy in the instability threshold ure not
understood. Many possible explanations for the observed dis-
crepancies can be offered. including. for example. the occur-
rence of small-scale spatial irregularities in the proton distribu-
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tion function which cannot be resolved or targe velocity space
irregularities in the beum which cannot be detected by the
plasma analyzer.

Because of the uncertainties in establishing the mechanism
responsible for the interplanetary ion acoustic waves, other
possible sources of free energy should be mentioned which
could possibly be responsible for these waves. One possible
nonthermal effect which could have escaped observation by
Helios is the low-energy (5 < E < 50 keV) protons observed by
Frank [1970] in the interplanetary medium. These supru-
thermal proton streams occur sporadically for periods of a few
days every few weeks. with a frequency of occurrence com-
parable to the solar wind ion acoustic waves. The possibility
that such proton streams could cause the interplanetary ion
acoustic waves is also supported by the fact that somewhat
similar proton streams from the earth’s bow shock. although
of higher intensity. are known to produce waves similar 10 the
ion acoustic waves detected by Helios far from the earth
{Gurmnett and Frank, 1978]. Waves of this tvpe have also been’
observed by Voyager in association with interplanetary shocks

[Kurth et al.. 1979]. Since Helios does not have instrumenta-

tion suitable for detecting protons in this energy range (5 < £
< 50 keV). nothing is currently known about the possible

association of the ion acoustic waves with these low-energy
proton streams. 7

In conclusion. the results of this study provide support for

both the electron heat flux and the double-ion beam mecha-
nisms for generating the solar wind ion acoustic waves. al-

though each mechanism has problems under certain condi-

tions. particulurly for low values of T./T, The positive

correlation with T./T, and the electron heat flux is expected

for both the electron heat flux and double-ion mechanisms.

The main difficulty with the double-ion beam mechanism is

that the proton distributions usually do not have the clearly

resolved double peak required for instability. This difficulty

could be the result of insufficient velocity or spatial resotution

to resolve the two peaks. It is also possible that more than one

mechanism could be operative in the solar wind to produce

these waves. From the electric field measurements alone it is

impossible to distinguish between the various mechanisms
which can produce electrostatic waves propagating parallel to
the magnetic field with wavelengths near 2w, since the lurge
Doppler shifts essentially destroy all information on the fre-
quency spectrum in the rest frame of the plasma. It is hoped

that in the future. more detailed studies of the plusma distribu-

lion functions. and their implications with regard to the vari-
ous instability mechuanisms. will provide a definitive determi-
nation of the plasma instability mechanism responsible for
these waves.
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PLASMA OSCILLATIONS AND THE EMISSIVITY OF TYPE III RADIO BURSTS

D. A. Gurnett, R. R. Anderson and R. L. Tokar
Department of Physics and Astronomy

The University of Iowa

Iowa City, Iowa 52242

ABSTRACT

Plasma wave electric field measurements with the solar orbiting
Helios spacecraft have shown that intense electron plasma oscillations
occur in association with type III solar radio bursts, thereby confirm-
ing a well known mechanism for generating solar radio emissions first
proposed by Ginzburg and Zheleznyakov in 1958, In this paper we review
the principal characteristics of these plasma oscillations and compare
the observed plasma oscillation intensities with recent measurements of
the emissivity of type III radio bursts. The observed emissivities are
shown to be in good agreement with two current models for the conversion
of electrostatic plasma oscillations to electromagnetic radiation.

INTRODUCTICON

As known from early studies of Wild [1950] type III radio bursts
are produced by particles ejected from a solar flare and are character-
ized by an emission frequency which decreases with increasing time. The
decreasing emission fregquency with increasing time is attributed to the
decreasing electron plasma frequency, fg, encountered by the solar flare
particles as they move outward through the solar corona. Emission can
occur at either the fundamental, f,, or harmonic, 2f., of the local elec-
tron plasma frequency, although at low frequencies, £ 1 MHz, the harmonic
emission appears to be the dominant component [Fainberg, 1974; Kaiser,
1975; Gurnett et al., 1978]. The particles responsible for the type ITI
radio emissions are electrons with energies ranging from a few Kev to
several tens of Kev. According to current ideas, the generation of the
type III radiation is a two-step process in which (i) electron plasma
oscillations are first produced at f. by a two-stream instability ex-
cited by the solar flare electrons and (ii) the plasma oscillations are
converted to electromagnetic radiation by nonlinear wave-particle inter-
actions. This mechanism, first proposed by Ginzburg and Zheleznakov
[1958] and refined by numerous investigators [Tidman et al., 1966;
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Kaplan and Tystovich, 1968; Papadopoulos et al., 1974 Smith, 1977]), is
illustrated in Figure 1, which shows the expected conversion of the
electron stream energy to electron plasma oscillations, and the subse-
quent conversion to electromagnetic radiation at either the fundamental,
f;, or the harmonic, 2f5. The radiation at the fundamental is caused by
interactions of the plasma oscillations with ion sound waves, and the
radiation at the harmonic is caused by interactions between oppositely

propagating electron plasma oscillations.

Since electron plasma cscillations are local plasma wave phenom-
ena which cannot be detected remotely, in situ measurements must be
used to confirm the presence of these oscillations. The first observa-
tions of electron plasma oscillations associated with a type III solar
radio burst were obtained by Gurnett and Anderson [1976, 1977] using
measurements from the Helios 1 and 2 spacecraft which are in orbit
around the sun between about 0.3 to 1.0 A.U. The Helios observations
are important not only because they confirm a basic radio emission
mechanism proposed over twenty years ago, but also because they provide
important new information on nonlinear plasma processes of considerable
current interest. In this paper we review the principal results of the
Helios plasma oscillation observations, including many new events which
have been recently detected. The plasma oscillation intensities are
also compared with the recent type III radio emissivity measurements
given by Tokar and Gurnett [1979], to provide a quantitative evaluation
of proposed emission mechanisms.
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Figure 1. A representative radial profile of the electron plasma fre-

quency in the solar wind illustrating the generation of electron plasma
oscillations and the subsequent conversion to electromagnetic radiation
at f‘; and 2f;.
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SURVEY OF PLASMA OSCILLATION CHARACTERISTICS

Only a small fraction, approximately 15%, of all the type III
radio bursts detected by Helios can be associated with electron plasma
oscillations. The relatively small occurrence of plasma oscillation
events is almost certainly due to the fact that the radio emissions can
be detected at large distances from the source, whereas the plasma
oscillations can only be detected within the source region. Up to the
present time a total of ninety electron plasma oscillation events have
been identified in all the data available, which includes Helios 1 and
2, Voyager 1 and 2, and IMP 8. All but four of these events were
detected by Helios 1 and 2.

A plasma oscillation event illustrating most of the features com-
monly observed is shown in Figure 2. The type III radio emission can
be clearly identified in the 178 and 100 KHz channels by the rapid
smooth rise to peak intensity followed by a somewhat longer smooth decay.
The characteristic shift toward decreasing frequency with increasing time
is also clearly evident. The intense narrow-band emissions in the 56.2
KHz channel, starting at about 1023 UT and ending about 1055 UT, are the
associated electron plasma oscillations. The solid line is the peak
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Figure 2. Intense electron plasma oscillations at f = 56 kHz detected
by Helios 2 in association with a type III radio burst.
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electric field intensity and the solid dark area is the average electric
field intensity.. As can be seen the peak electric field intensity is
much larger than the average electric field intensity indicating that
the plasma oscillations are extremely impulsive, consisting of many
short intense bursts. High time resolution measurements show that the
bursts often occur on time scales approaching the time resolution of the
instrument, which is about 50 msec. The occurrence of such short bursts
has been suggested as indicating the presence of strong turbulence proc-
esses such as soliton collapse, which would occur on spatial scales of
only a few Debye lengths [Nicholson et al., 1978]. Unfortunately, struc-
tures with such a small spatial scale are swept by the spacecraft on a
time scale less than 1 msec., which is too small to be resolved by the
Helios instrumentation. Therefore no definitive statement can be made
concerning the possible occurrence of solitons from the Helios observa-
tions. Although the plasma oscillations are very impulsive, it is
interesting to note that the peak amplitudes in Figure 2 remain very
nearly constant at a level of about 3 to 5 mVm~! for nearly half an
hour. Not all events display this flat top characteristic; however it
occurs sufficiently often to suggest that the plasma oscillation inten-
sities are being limited by some nonlinear saturation mechanism.

To investigate the variation in the electron plasma oscillation
intensities with radial distance from the surl, the maximum electric
field strength for each of the ninety events currently available for
analysis is shown as a function of heliocentric radial distance in Fig-
ure 3. This plot is an update of an earlier report by Gurnett et al.
[1978] with a substantial increase in the number of data points, mainly
due to the greatly increased solar activity in the last year and one
half, as solar maximum approaches, Figure 3 clearly shows that the
electric field strength of the plasma oscillations decreases with
increasing radial distance from the sun. The best fit power law through
all of the data points is shown by the dashed line. The current best
estimate for the power law index is -1.4 * 0.5. This index has changed
substantially from the earlier results of Gurnett et al. [1978] as more
events have been analyzed. The trend toward decreasing plasma oscilla-
tion intensity with increasing radial distance from the sun is consis-
tent with the expected radial variation of the saturation field strength.
If the electric field to plasma energy density ratio, EZ/8mnkT, at satu-
ration is constant, then E should vary approximately as (1/R)!:1%, since
the electron density, n, varies as (1/R)? and the temperature, T, varies
as (1/R)2/7 [Hundhausen, 1972]. A representative maximum value for
E2/8nn§g, shown by the solid line at the top of Figure 3, is about
2 x 10 °.

COMPARISON WITH TYPE III EMISSIVITIES
To compare the plasma oscillation intensities in Figure 3 with

existing theories, it is necessary to determine the typical emissivity
of a type III radio burst, particularly in the radial distance range
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from about 0.3 to 1.0 A.U. where in situ measurements of plasma cbserva-
tions are available. 1In principle, a comparison of the radial variation
of the plasma oscillation intensities and the type III emissivity pro-
vides a powerful test, since any given mechanism implies a specific
relationship between these two parameters. Recently Tokar and Gurnett
[1979] have completed an analysis of the radial variation of the emis-
sivity of low frequency type III radio bursts. The technique used con-
sists of computing the power AP emitted in volume AV with the emissivity
defined as J(2f,) = AP/UnAV, where it is assumed, for simplicity, that
the radiation is emitted isotrogically over a solid angle of UYw., The
power is computed from AP = Urr4IAf, where r is the distance from the
source to the s?acecraft, Af is the bandwidth and I is the power flux,
in watts m 2Hz !, at the spacecraft. The volume is computed from AV =
R2ARQ, where @ is the solid angle of the emitting region as viewed from
the sun. Since it is usually not possible to directly determine Q, we
have assumed that the source subtends a half-angle of L45.0° as viewed
from the sun, which is consistent with the results of Baumback et al.
[1976]. The center of the source volume is assumed to follow the mag-
netic field line through the originating flare location using the mag-
netic field model of Parker [1958] with a solar wind velocity of 400

km s !. The emission frequency is assumed to be at the harmonic of
plasma frequency, following the radial variation given by Fainberg and
Stone [19TL]. The results of this analysis, as applied to thirty-six
type III radio bursts, are shown in Figure 4. Because of the uncertainty
in the solid angle { the absolute value of J probably has a substantial
uncertainty, perhaps as much as a factor of 2 or 3. This uncertainty
is, however, small compared to the variations from event toc event. Ex-
cept for certain special cases, for example when the source passes close
to the spacecraft, the radial dependence tends to be rather independent
of the assumptions used. In all cases the emissivity decreases monotoni-
cally with increasing radial distance from the sun and a power law pro-
vides a good fit to the radial variation. The average power law index
for all of the events analyzed is -6.0 z 0.3. The best fit power law

through all of the data points is shown by the dashed curve in Figure
L,

Having established the radial dependence and absolute intensity of
both the plasma oscillations and the radic emissivity, comparisons can
now be made with specific models for the generation of type III radio
bursts. Two models will be evaluated, the coherent parametric (oscil-
lating two-stream) mechanism of Papadopoulos et al. [197L], and the
incoherent induced scattering mechanism of Smith [1977]. The emissivity
given by Papadopoulos et al. [19T7h], converted to MKS units and evalu-
ating constants {using a = 0.1), is :

-\ _ _15"_[‘_ -
J(2fp) = 5.83 X 10 {To] s (1)

where E i1s the electric field strength of the plasma oscillations in
Volts m 1, n is the electron density in cm™ 3, T is the electron
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temgerature in OK, and T is the electron temperature at 1 A.U.,n1.2X
105%K. The corresponding emissivity given by Smith (19777 is

3 Eh

/a

-1

J(21]) = 112 X 107t , vatts mosr L, (2)
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where E is agein in Volts m !, and n is in cm 3. Both the coherent

and incoherent mechanisms have essentially the same dependence on the
electric field strength and electron density, and differ only slightly

in the temperature dependence. As can be seen the dominant depen-

dence, by far, is on the electric field strength of the plasma oscil-
lations. Since the electron density and temperature in the solar wind
vary as n~ (1/R)2 and T ~ (1/R)2/7, and since J varies as (1/R)6-0 * 0.3,
the expected radial variation of E from Equation 1 for the model of
Papadopoulos et al. [197k] should be (1/R)1+6% * 0.1 For the model of
Smith [1977] the corresponding radial variation of E from Equation 2
should be (1/R)1-75 £ 0.1 Both of these predictions compare very
favorably with the observed radial variation for E of (1/R)!.% * 0.5,

In addition to comparing the radial variations with the theoretical
predictions the absolute values of the emissivity can also be compared.
From Figure 3 it is seen that the largest plasma oscillation field
strength at 1 A.U. is about E = 5§ mVm L. Using this maximum field
strength, the corresponding emissivities given by Papadopoulos et al.
(1974], using Equation 1, and Smith [1977], using Equation 2, are
1.63 X 1072% and 3.13 X 1023 watts m 3sr !, respectively. Comparing
these emissivities with Figure L it is seen that the emissivity
computed from Smith's model would be able to account for about 85%
of all the events observed at 1.0 A.U., whereas Papadopoulos' model
would be able to account for only about 30% of the events observed.
Thus, it appears that for the largest plasma oscillation intensities
observed the incoherent model of Smith [1977] is able to account for the
emissivity of all but the most intense radio bursts, whereas the model
of Papadopoulos et al. [19TL] is not able to account for a burst of aver-
age intensity. It should also be pointed out that Smith [1977] has
already demonstrated in a specific case that the inccherent mechanism
can account for the simultaneously observed radio emission intensities
with a substantial margin. The case considered by Smith [1977] was,
however, a particularly intense plasma oscillation event, with an inten-
sity (14.8 mVm™!) near the upper limits of the events shown in Fig 3.

If instead of taking the most intense plasma oscillation event, one
takes more typical intensities representative of, for examplie, the best
fit power law (dashed line) in Figure 3, then the emissivity is drasti-
cally reduced because of the E* dependence in Equations 1 and 2.

For these more typical plasma oscillation intensities, both the

models of Papadopoulos et al. [1974] and Smith {1977] give emis-
sivities well below the best fit curve (dashed line) shown in Figure

4, These difficulties are further complicated by the fact that the
actual volume of the source is probably substantially smaller than

has been assumed in Equations 1 and 2 because of the impulsive vari-
ations in the amplitude of the plasma oscillations. In summary it
appears that the radial variation of the plasma oscillation intemnsities
and type TII emissivity are in good agreement with the current theoret-
ical models but that in all except for the most intense plasma oscilla-
tion events the emissivity given by the theory is somewhat smaller than
the observed emissivity. ©Several explanations can be advanced to
account for this discrepancy in the absolute emissivity. Probably
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the most likely possibility is that the plesma oscillations have
substantial temporal fluctuations on a time scale short compared to
the S0 msec. averaging time of the Helios instrument. If the fluc-
tuations are very impulsive, as seems to be the case, then because

o of the E* dependence of the emissivity the radiation intensity may

be substantially underestimated on the basis of the average electric
field intensity. Another possibility is that the intense plasma
oscillations are confined to very small spatial regions which are very
unlikely to be encountered by the spacecraft, thereby tending to

bias the electric field intensity measurements, as in Figure 3,

T

CONCLUSION

These comparisons of plasma oscillation intensities and the
emissivity of type III radio bursts show good overall agreement
with current theories for the conversion of electron plasma oscil-
lations to electromagnetic radiation at 2f_. The primary questions
remaining involve the fine time scale structure of the plasma oscil-
lations and the relative importance of incoherent and coherent (sol-
iton collapse) processes. Although the absolute emissivities computed
in this study tend to favor the incoherent process, it is probably not
possible to determine which mechanism is most important because of
the uncertainty ebout the fine time scale variations in the plasma
oscillation intensity. Further progress in understanding the possible
role of soliton collapse processes in the generation of type III radio
emissions will require much higher time resolution measurements than
are currently available.
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DISCUSSION

Stewart: Type II bursts show both fundamental and second harmonic
structure at kilometric wavelengths. Your observation that the plasma
waves are delayed with respect to the radio waves supports, as you say,
the hypothesis that fundamentals also occur in type III bursts at kilo-
metric wavelengths, despite what the theorists say.

Gurnett: We can't resolve the fundamental and the second harmonic
on the basis of the radio data alone at these frequencies because of
the dispersion in time of the emission. .

Stewart: Is the radio emission coming from the same place?

Gurnett: Well of course at higher frequencies its coming in closer
to the sun and its source is moving out and the situation is that plasma
oscillations usually start about the time the radio emission frequency
approaches the local plasma frequency. Definitely after the time where
it passes the second harmonic.

Stone: Not all information suggesting second harmonic radiation at
long wavelengths comes from direction finding. Indeed we can make direct
comparisons between the in situ plasma density measurements. We find in
all cases looked at thus far that the radio emission is observed at 2f..
There is a wealth of other observational data to support the second har-

monic radiation. Moreover some isolated cases of fundamental have also
been reported,

Gurnett: Let me say that I personally have done direction finding
measurements in two spacecrafts that also seem to confirm that emission
is coming from the second harmonic. Perhaps in these cases we are right
near the source so that we can begin to see the fundamental; its a puzzle
I really don't know the answer to this question.
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Benz: 1 have some interest in your observation of ion-acoustic
waves since we postulate them in our type I model. What is the energy
density of these waves you see in interplanetary space? What do you
suggest as their origin?

Gurnett: The plasma energy density is about 10-6 to 10-7 the
electric field energy density or the magnetic field energy density. The
question of why they are there is a very puzzling one. There are two
theories on this. One is that they are driven by the electron heat flux
in the solar wind and of course the real issue is the electron-ion tem-
perature ratio and I have shown that these ion acoustic waves are corre-
lated with the To/T{ and tend to occur in regions that have rather high
Te/Ti. The other model is that they are driven by ion streams in the
solar wind.
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Interplanetary Particles and Fields, November 22 to December 6, 1977:
Helios, Voyager, and Imp Observations Between 0.6 and 1.6 AU

L. BURLAGA,' R. LEPPING,' R. WEBER,' T. ARMSTRONG,? C. GOODRICH,” J. SULLIVAN, D. GURNETT.*
P. KELLOGG,” E. KEPPLER,* F. MARIANL” F. NEUBAUER,” H. ROSENBAUER,” AND R. SCHWENN’

In the period November 22 to December 6, 1977, three types of interplanetary flows were observed: a
corotaling stream, a fiare-associated shock wave, and a shock wave driven by ejecta. Helios 2. Imp 7. 8.
and Voyager |, 2 were nearly radially aligned at =0.6, 1. and 1.6 AU, respectively, while Helios | was at
=0.6 AU and 35° east of Helios 2. The instruments on these spacecraft provided an excepuonally com-
plete description of the particies and fields associated with the three flows and corresponding solar events.
Analysis of these data revealed the following results. (1) A corotating stream associated with a coronal
hole was observed at 0.6 and | AU, but not at 1.6 AU. The stream interface corotated and persisted with
little change in structure even though the stream disappeared. A forward shock was observed ahead of
the interface and moved from Helios 2 at 0.6 AU to Voyager 1. 2 and 1.6 AU: although the shock was
ahead of a corotating stream and interface, the shock was not corotaling, because it was not seen at
Helios 1. probably because the corotating stream was not stationary. (2) An exceptionally intense type [l
burst was observed in association with a 2B flare of November 22. The exciter of this burst (a beam of
energetic electrons) and plasma oscillations (presumably caused by the electron beam) were observed by
Helios 2. (3) A nonspherical shock was observed in association with the November 22 flare. This shock
interacted with another shock between 0.6 and | AU, and they coalesced to form a single shock that was
identified at | and at 1.6 AU. (4) A shock driven by ejecta was studied. In the ejecta the density and tem-
perature were unusually low. and the magnetic field intensity was relauively high. This region was pre-
ceded by a directional discontinuity at which the magnetic field intensity dropped appreciably. The
shock appeared to move globally at a uniform speed. but locally, there were fluctuations in speed and
direction of up to 100 km/s and 40°, respectively. (5) Three types of electrostatic waves were observed at
the shocks, in different combinations. The detailed wave profiles differed greatly among the shocks, even
for spacecraft separations of 0.2 AU, indicating a strong dependence on local conditions. However. the
same types of fluctuations were observed at 0.6 and at 1.6 AU. (6) Energetic (50-200 keV) protons were
accelerated by the shocks. The intensities and durations of the fluxes varied by a factor of 12 over longi-
wdinal distances of =0.2 AU. The inténsities were higher, and the durations were lower, at 1.6 than a1 0.6
AU. suggesting a cumulative effect. (7) Energetic (=50 keV) protons from the November 22 flare were
observed by all the spacecraft. During the decay, Helios | observed no change in intensity when the in-
terface moved past the spacecraft, indicating that particles were injected and moved uniformly on both
the time that a shock arrived at Helios 2. The intensity dropped abruptly when the interface moved past
Helios 2, indicating that the ‘extra’ particles seen by Helios 2 did not penetrate the interface.

I. INTRODUCTION

It is customary to speak of three types of flows in the solar
wind, which Chapman [1964] called streams, flare shells. and
solar wind. We shall refer to these as (1) corotating streams
(also known as corpuscular streams, stationary streams, and
high-speed streams). (2) ejecta (also called nascent streams,
fRare ejecta, jets, active wind, drivers, and pistons), and (3)
slow flows (also called quiet wind. ambient wind. and struc-
tureless wind), respectively. The term piston has been applied

both to corotating streams {e.g., Dryer and Steinolfson, 1976]
and to ejecta {e.g., Drver er al., 1972]. Corotating flows are
separated from slow flows by a thin boundary called a stream
interface [Beicher and Davis, 1971, Burlaga, 1974]. which in
some cases is a tangential discontinuity [Burlaga, 1974; Gos-
ling et al., 1978]. Ejecta are presumed to be separated from
slow flows by a thin boundary called a contact surface [Lee
and Chen, 1968, Dryer, 1980]; this too is called a piston by
some authors [e.g., Dryer, 1980]. Both corotating streams and
ejecta may be preceded by a shock.

There are numerous studies of the above phenomena based
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on observations from just one spacecraft, but these cannot
separate spatial variations from temporal changes. Data from
two or more widely separated spacecraft are needed to study
nonstationary corotating streams. transient ejecta. and inter-
acting flows. There have been relatively few such observa-
tional studies [e.g.. Dryer et al., 1972: Gosling et al., 1976:
Intriligator, 1976; Lazarus et al., 1970; Schwenn et al, 1978.
1980; Smith and Wolfe, 1977, 1979; Vaisberg and Zasien-
ker, 1976). Some attempts have been made to model mulu-
point observations [Gosling et al.. 1976; Dryer et al., 1978a, b].
In the period November 22 1o December 6, 1977, Helios |
and 2, Imp 7 and 8, and Voyager | and 2 were aligned very
favorably for the investigation of solar outputs (Figure 1), and
during this period. which was parn of Study of Travelling In-
terplanetary Phenomena (STIP) interval IV from October 15

2227
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T November 22 flare are described in section 6. Section 7 sum-
- t VOYAGER 2 4 .
. T marizes the results.
i 2 977 )
s+ .« WOV 22 2. COROTATING STREAM. INTERFACE. AND SHOCK
'; t____. EARTH, . :2: 2,9 A stream that was observed successively by Helios 1. Helios
W Jup 2, Imp 7. 8, Voyager 1, and Voyager 2 is shown in Figure 2,
S . which shows bulk speeds from the experiment of Rosenbauer
3 . ‘\\ on Helios 1, 2 and from the experiments of Bridge on Imp 7, 8
F HELIOS 2 | and Voyager |, 2. Sixteen-minute averages of V are plotted
- ’ ELoS ‘.‘ versus time, and the phase is chosen such that the amval time
o C o ] of the stream interface at each spacecrafi is coincident with
SUN Yysenotkmr © the vertical line marked ‘interface.” The stream interface is

i

i

e

[l

Fig. 1. Ecliptic plane projection of the trajectories of Helios I, 2
and Voyager 1, 2 shown in the inertial solar ecliptic coordinate system
for the interval November 22 to December 6, 1977.

to December 15, 1977, several significant solar events oc-
curred. Recognizing that this interval (and a similar interval
in September-October 1977) offered a unique opportunity for
a comprehensive study of interplanetary shocks, flows, mag-
netic fields, and energetic particle phenomena, a workshop

readily identified as an abrupt decrease in density and an
abrupt increase in temperature at the front of a stream [Be/-
cher and Davis, 1971; Burlaga, 1974, 1975]. In this case the in-
terface at each spacecraft can be seen in Figure 3, where the
time profiles of 16-min averages of the density n and temper-
ature T are plotted. Figure 2 shows that the interface and
strearn arrived at Helios 1 on November 23, at Helios 2 on
November 25, at earth on November 27, and at Voyager 1
and 2 on November 29. The 2-day interval between successive

was organized to bring together experimenters from the encounters of the interface is approximately that which is ex-
— Helios, Voyager, and Imp programs. The meeting was orga- pected for a “corotating spiral’ corresponding to a streamline
- nized by S. M. Krimigis with the support of the Voyager and  with a speed of 400 km/s, as illustrated at the bottom of Fig-
= Helios team leaders. This paper is based on some of the results  ure 2.
of that workshop. The purpose of this paper is to present a de- The precise corotation times of the interface from one
scription and an analysis of the principal interplanetary events  spacecraft to the next are shown in Table 2, together with the
. that were observed in the period November 22 to December 6, ‘predicted’ corotation times computed from the equation 1, —
- 1977, by Helios 1, 2, Voyager |, 2, and Imp 7, 8. 6, =(ry = 1))/ V + (¢ — $,)/8,, with allowance for the space-
o Three flow systems were observed in the period under con- craft motions (here Q, is the sidereal rotation period of the
= sideration: (1) a corotating stream and a stream interface asso-  sun; V is the solar wind speed: ¢, and ¢, are the longitudes of
- ciated with a coronal hole, (2) a shock wave and an energetic the spacecraft at time /, (when the interface passed the first
particle event associated with a 2B flare, and (3) an isolated  spacecraft) and a later time ¢, (when the interface passed the
shock wave whose origin is uncertain. second spacecraft), respectively; and r, and r, are the radial
This paper is based on data from 28 experiments from six  distances from the sun of the two spacecraft at ¢, and ..}
- spacecraft. The experiments and the corresponding principal  Table 2 shows that the predicted corotation times are close 10
investigators are listed in Table |. Nearly complete measure- the observed corotation times, the difference being =<15% in
= ments of solar wind plasma, magnetic fields, and plasma the three largest time intervals. These small differences may
= waves are available from all spacecraft. Radio waves, plasma  be due to small irregularities in the shape of the surface of the
waves, and energetic electrons associated with the November interface. Thus we conclude that the interface was a corotat-
) 22 event are available from Helios 1, 2 and Voyager 1, 2. Data  ing feature, and we infer that the stream which followed it was
- describing low-energy protons associated with the November likewise corotating.
— 22 event are available from Helios 1, 2 and Voyager 1, 2. The low densities in the stream (Figure 3) and the fact that
We begin in section 2 by discussing the corotating stream it was corotating suggest that its source was a coronal hole
and its associated shock and interface; this flow system was [Hundhausen, 1977; Burlaga, 1979]. A coronal hole. teatatively
= relatively simple, and the other two events interacied with it.  identified in the Kitt Peak He 10830-A maps, passed central

Section 3 discusses the particles, fields, and flows associated
with the flare of November 22. Section 4 analyses a relatively
simple. isolated shock wave that passed all of the spacecraft in
the early days of December 1977. Plasma waves at the shocks
in the three events are discussed qualitatively in section 5. En-
ergetic protons accelerated by the shocks and injected by the

meridian on November 24, 25. The observed peak speed of
the stream in question was =500 km/s; thus if its source wa»
the coronal hole and if it propagated at nearly constant speed.
the stream should have arrived at the earth on November el
which, in fact, it did.

The dynamical evolution of the corotating stream in Figuf

TABLE 1. Pnncipal Investigators

Plasma Radio Plasma Plasma and Energetic

Analyzer Magnetometer Magnetometer Waves Waves Radio Waves Particles

Helios | Rosenbauer Neubauer Mariant/Ness Stone Gumett Kellogg Kepplef

Helios 2 Rosenbauer Neubauer Manani/Ness Stone Gurnett Kellogg Keppler

Voyager | Bridge Ness Gurnelt Knmgt»

. Voyager 2 Bridge Ness Gumett Krimigs
e Imp 7 Bridge Ness Gurnett
Imp 8 Bridge Ness Gurnett
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Fig. 2. Corotating interface. The top panel shows the associated
strearn relative 10 the interface at each spacecraft. The bottom panel
shows the intersection of the interface with the ecliptic plane at the
time that it passed each of the spacecraft. The dashed circular arc
passing through earth represents the earth’s orbit. The position of
shock B is also shown. and its orientation is illustrated in the bottom
panel.

2 is surprising and significant. Helios 1 and 2 observed similar
profiles of ¥(r). n(1), and T(¢) following the interface. with a
time delay of =53 hours, consistent with corotation. At the
earth, Imp 7 and Imp 8 also saw the stream with approxi-
mately the expected corotation delay. The surprising result is
that the stream appears to have been absent (or much slower)
at Voyager | and 2 (Figure 2), even though both spacecraft

observed the stream interface (Figure 3). This is probably not”

a latitude effect like that reported by Schwenn er al. {1978},
since the latitudes of Voyager | and earth differed by only
1.5° (the latitude of Voyager 2 was =5.2° higher than that of
earth). The heliographic latitudes of Voyager 1 and earth were
3° and 1°, respectively; these are well within the latitudinal
range of the coronal hole (—2° to 10°) tentatively identified in
solar geophysical data [U.S. Department of Commerce, 1978].

A numerical model is needed 1o show quantitatively that a
stream can evolve near | AU as just described. and this will be
discussed in another paper. One can understand the result
qualitatively as follows. Ahead of the stream the density and
hence the momentum flux were high (Figure 3). Inside the
stream the density was low, and the speed of the stream itself
was relatively low: the momentum flux of the stream did not
greatly exceed that of the flow ahead of it. As the siream
evolved. stress was relieved somewhat by shear at the inter-
face. Nevertheless, two compression waves formed. moving
toward and away from the sun with respect to the interface.
The wave moving toward the sun (i.e., into the stream) decele-
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rated the stream. The wave moving away from the sun (ie..
ahead of the stream) evolved into a forward shock (see dis-
cussion below). The importance of momentum flux in corotat-
ing stream dynamics has been discussed quantitalively by
Pizzo [1980a. b) for some conventional stream profiles. A de-
crease of V with increasing distance has been discussed by
Dryer and Steinolfson {1976].

The structure of the stream interface observed by Voyager |
and 2 is shown in Figure 4. In both cases the density and tem-
perature transitions occurred in =30 min. consistent with the
durations of some of the interfaces observed at | AU by Bur-
laga [1974]. The a. T profiles observed at Helios 1. 2 are very
similar to those in Figure 4. The magnetic field intensity
reached a2 maximum at the interface {see Figure 4), as is usu-
ally the case [Buriaga. 1974; Siscoe, 1972]. In this case there
was a large change in magnetic field direction across the inter-
face at both Voyager | and Voyager 2. It is significant that all
of the parameters just described (n, 7. ¥, and B) had nearly
the same profile at Voyager 2 as at Voyager 1, despite the sep-
aration of =0.2 AU: this shows that the internal structure of a
stream interface can be coherent over a relatively large dis-
tance. Plasma wave observations at the interface at Voyager 2
(Figure 4) show no significant wave emission in the frequency
range 10-562 Hz suggesting that the interface was relatively
stable. Similar observations of a different interface described
by Gurnett et al. [1979b] showed the same result.

A ‘corotating shock’ (which we label shock B) was observed
by Voyager 1 and 2; this is shown at high resolution in Figure
5. The identification of the disturbance as a shock is based on
the simultaneous. abrupt increases in V. N, T,, and F = |B|
and on the simultaneous change in the charactenistics of the
plasma waves. The observation of a shock at Voyager | and 2
is not surprising, since models of corotating sireams [e.g.,
Hundhausen, 1973; Hundhausen and Burfaga, 1975; Gosling et
al., 1976; Steinolfson et al., 1975; Dryer et al., 1978b] predict
the development of corotating shocks as streams evolve with
distance from the sun. and many such shocks have been ob-
served beyond | AU [Smith and Wolfe, 1977]. The shock nor-
mals computed from the Voyager plasma and magnetic field
data using the method of Lepping and Argentiero [1971] were
directed 9° and 14° west of radial, respectively (see Table 3
and Figure 2), consistent with corotation. At Voyager 2 the
angle between the shock normal and the upstream magnetic
field was 14.6°; the corresponding angle at Voyvager 1 was
15.8°. The local shock speed was 400 = 10 km/s relative 10 a
fixed frame shock at both Voyager | and Voyager 2 (Table 3).
This speed and the computed shock normals imply a time
delay between Voyager 1 and Voyager 2 of 4.5 = 1.3 hours.
This compares favorably with the observed time delay of 5
hours 17 min. '

Shock B probably passed Helios 2 and Imp 8 on November
25 and 26. respectively (see Table 3). This is significant, be-
cause shocks are rarely observed ahead of corotating streams
at <1 AU [Ogilvie, 1972). The identification of shock B at
Helios 1 is based on the observations that (1) the magnetic
field intensity measured by Neubauer's instrument increased
from =7 to =15 y within 2 min (it increased from 7.7 to 11.5 v
in 64 s5) and (2) the plasma speed density and temperature in-
creased between 0122 and 0205 UT (see Figures 2 and 3). The
shock normal computed from the magnetic field data using
the coplanarity theorem is A,, = 60°, §, = 14°, which is close o
that expected for corotation in a 300-km/s wind. namely. A, =
50°, 8, = 0: here A, is the heliographic longitude, which is
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Fig. 3. The corotating stream interface (top) seen by each of the spacecraft. The interface is defined by the abrupt de-

crease in density and the corresponding increase in temperature. Times have been shifted so that the interfaces are aligned

vertically, allowing a comparison of the density, iemperature,

taken to be zero for a vector pointing radially away from the
sun, and @, is the latitude with respect to the ecliptic plane.
The shock speed computed from the observed densities and
bulk speeds using the coplanarity normal is 300 km/s, or 540
km/s in the radial direction. This implies that the shock
should have arrived at earth 41 hours after it passed Helios 2
(if it moved at constant speed), that is, at hour 19 cn Novem-
ber 26. A ssc was reporied at 1704 UT on November 26. in
good agreement with the prediction. Imp 8 was in the solar
wind on November 26, but there are data gaps at the time of
the ssc. Nevertheless, the magnetic field intensity nearly dou-
bled at some time in a 2-hour interval centered about the ss¢

and magnetic field intensity profiles (bottom).

(Figure 3), and the plasma density, temperature, and speed in-
creased at some time in a 5-hour data gap which included the
time of the ssc (Figures 2 and 3). Thus the Imp 8 data are con-
sistent with the presence of a shock at earth at 1704 on No-
vember 26. Altogether, the data from Helios 2, Imp 8. and the
ssc give fairly convincing evidence for a shock driven by a
corotating stream. which moved nearly radially from 0.6 0 !
AU and on to Voyager 1. 2 at 1.6 AU. Figure 3 shows that th¢
shock moved away from the interface during the time that it
moved from 0.6 to 1.6 AU.

It is customary to refer 10 a shock ahead of a corotating
stream as a corotaling shock. This is not appropriate for shock

TABLE 2. Stream Interface Corotation

From To

{t> = 1,), hours

2=k (rz—n)

deg AU °~ Predicted Observed
Helios | (Nov. 23,0245) Helios 2 (Nov, 25.0721) 1352 -0.029 57 - 53
Helios 2 Imp
(Nov. 27, 0200 = 0100) 82=x0.1! 0.353 51 43 |
Imp Vovager |
(Nov. 29, 1600 £ 0015) -1.7x08 0.605 60 £ 3 621
Voyager 1 - Vovager 2 (Nov. 29.2125) 09 0.012 3 5
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Fig. 4. Structure of the interface. shown by a plot of high-resolu-
tion magnetic field and plasma data (top) and corresponding plasma
wavg observations. The interface is relatively broad (30 min), its
structure does not change appreciably over the 0.2-AU separation be-
tween Voyager | and Voyager 2, and there is no evidence of an insta-
bility that might produce waves =< /,* at Voyager 2.

B. however. If shock B were corotating, then it should have
been detected at Helios 1 =50—60 hours before it was observed
at Helios 2 (i.c.. late or November 23), because Helios 1 was
at the same radial distance as Helios 2 and =35° (o the east.
Although the Helios I observations are nearly complete and
continuous, there is no evidence of a shock at Helios | (see
Figures 2 and 3). A possible explanation is that the stream
which produced the shock was corotating but not stationary.
For example. the stream may have been produced by a co-
ronal hole that rotated with the sun but whose physical char-
acteristics changed on a scale of | day, producing a time-vary-
ing stream profile. Indeed. Figure 2 shows that the speed
profile measured by Helios 2 differs in some details from that
measured by Helios 1, indicating some time variations in this
case. Evidence for nonstationary, corotating streams was pre-
sented carlier by Burlaga er al. [1978]. (A model of non-
stationary flows was presented by Wu e al. [1979], but this
does not include the dynamical effects of the sun's rotation.)
Shock B was seen at Helios 2, Imp 8, and Voyager 1, 2 be-
cause those spacecraft were near a radial line; once formed at

=0.6 AU, the shock persisted and was convected past the
other spacecraft. But apparently, conditions were different ay
the time the stream was at Helios I, 35° east of Helios 2, and
were not favorable for the production of a shock.

3. EVENTS ASSOCIATED WITH A FLARE

On November 22, 1977, a 2B flare at N23, W40 in McMath
plage region 15031 was observed in Ha starting at 0946 UT
and reaching maximum intensity at 1006 UT. Chambon er al
[1978] observed hard X rays and y rays from the flare starung
at =1000 UT. It produced a SID. a type IV burst (starting a
1002), a type III burst (beginning at 0959 UT). an inter-
planetary shock wave. and an energetic panicle event. Thus
the event displayed a wide range of phenomena that one asso-
ciates with a great flare [Dryer, 1974].

Type III bursis. The type III solar radio burst produced
by the flare is the most intense observed to date by Helios 1
and 2. Helios 2 radio observations of the November 22 burst
are shown in Figure 6. They are from the University of Min-
nesota (52, 77, and 203 kHz) and Goddard Space Flight
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Fig. 5. Shock B. showing the high-resolution magnetic field and
plasma data (top panel) and plasma wave observations (bottom
panel) near the shock. The flow and field parameters are steady before
and after the shock front, allowing accurate determination of its nor-
mal and speed. Whistler wave turbulence is observed at [ < [,* be-
hind the shock: a short burst of broadband turbulence is observed at
the shock; and ‘ion acoustic’ waves are observed at L' <I<f,-
ahead of the shock.
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TABLE 3. Shock B o

Helios 2 55C Vovager |  Voyager2
Shock B, B, B, B,
Date Nov. 25 Nov. 26 Nov. 29 Nov. 29
Time, UT 0147 1704 0204 0721
r. 10" km 0.944 1.476 23713 2.390
Normal A, deg 60 9.1 149
Normal §,, deg 14 =0.7 21.2
V.km/s 300 409 395
V.km/s 540 409 423

Center experiments. Electron observations from the Max-

Planck-Institut fur Aeronomie experiment are also displayed

in Figure 6. showing that electrons in and near the 20- 10 65-

keV energy range were present, consistent with the idea that

low-frequency type 111 solar radio emission is caused by elec-

trons with energies 10-100 keV {Lin et al., 1973). Despite the

data gap around 1010 UT, it is clear that the radio burst was
double peaked at the higher frequencies, possibly due to two

separate bursts; however, there was only a single peak at lower

frequencies. The first peak reached maximum intensity at

1001 UT for 3 MHz. and the merged peak is observed at 1032

UT for 77 kHz. Much of this delay corresponds to the transit

time for the energetic electrons from a heliocentric distance of
0.05 AU (3-MHz level) out to 0.8 AU (77-kHz level), in-

dicating an outward speed greater than 0.2c for the exciter. A

few minutes of the delay arise from the difference in propaga-

tion time of the electromagnetic waves from the source levels

to Helios 2, located at 0.6 AU. )

Flux densities observed for this burst by Helios 2 reached
maximum values exceeding 10~ W m~? Hz™' for frequencies
from 77 to 255 kHz; they decreased to approximately 107" W
m~? Hz™' at 3 MHz. the highest Helios observing frequency.
The 52-kHz channel, which shows strong electrostatic noise
from 1025 10 1050 UT, is at the peak of the electrostatic noise
spectrum, and it is within 1-2 kHz of the local plasma fre-
quency determined from the measured density. Similar bursts
were reporied by Gurnett et al. [1978] and Gurnett and Ander-
son [1977]. The electrostatic bursts might be short in com-
parison to the sampling time of the tuned receiver. The band-
width of the receiver is about 5 kHz, and its rise time therefore
is about 0.2 ms, which is instantaneous in comparison to the
detector integration time of 50 ms. As a consequence, for sig-
nals whose duration is more than 0.2 ms, the measurement
gives the input voltage averaged over 50 ms.

The 77-kHz channel is the lowest frequency which did not
show electrostatic noise. Burst radio emission has been re-
ported to be generated at twice the local plasma frequency
[Alvarez er al. 1972]. Consequently. the 77-kHz electromag-
netic waves detected at 0.60 AU by Helios 2 were propagating
backward toward the sun from a source level near 0.8 AU,
where the plasma frequency is half of 77 kHz.

This burst and the associated electron beam were also ob-
served by the Voyager | and 2 planetary radio astronomy ex-
periment and low-energy particle experiment, respectively.
The burst arrival directions, found by the spinning Helios 1
and 2 antennas, together with the Helios and Voyager elec-
tron data, show that the exciter extends over a wide (>75°)
range of solar longitudes. Analysis of the relative intensities.
and positions observed by Helios 1 and 2 also indicates that
the centroid of the burst passed vetween these two spacecraft.
Assuming a source longitude of 40°W and a spiral field con-
figuration, a best fit to the intensity versus {requency data ob-

tained by Helios | and 2 is obtained for a solar wind speed of
300 km/s. This is consistent with the speeds measured by the
Helios plasma instruments. which were near 300 km/s for sev-
eral days.

Interplaneiary shocks and flows. The interplanetary shock
wave produced by the flare was observed directly by Helios |
and 2. Imp 8, and Voyager | and 2. it was also observed in-
directly as a ssc al the earth (see Table 4 and Figure 7). The
shock might have been driven by ejecta. as is suggested by the
sketch in Figure B, but the ejecta were not actually observed.
because no spacecraft was suitably positioned.

If one tries to determine the motion of the shock by using a
radial distance versus time plot (Figure 9) and the customary
assumption of spherical symmetry, one encounters difficulties
that would have been overlooked if there were fewer space-
craft. One difficulty is that the speed determined from the
time delay between Imp 8 and Voyager 1 is 418 kmys,
whereas the speed determined from the time delay between
Imp 8 and Voyager 2 is 568 + 20 km/s (the uncentainty is due
to a data gap at Voyager 2 between 0600 and 0900 UT). This
discrepancy is large, considering that Voyager |1 and Voyager
2 were separated by only 0.005 AU in the radial direction and
by 0.2 AU in the transverse direction.

A second and more extreme example of the inadequacy of
the assumption of spherical symmetry for computing shock
speeds is the speed determined from the time delay between
Voyager | and Voyager 2: 14 + 2 km/s! This is obviously
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Fig. 6. A type Il burst (77-3000 kHz), the beam of electrons (20-
65 keV) which produced the burst, and plasma waves (at the local
plasma frequency, 52 kHz) produced locally by the electron beam
The profiles at 52, 77, and 203 kHz are from the University of Minn¢-
sota experiment; the others are from the Goddard Space Flight Centef
expenment on Helios 2.
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TABLE 4. Shock A

Helios 2 Helios 2 Helios 1 Imp8 Voyager2  Voyager |
Shock A, Az A) A, Ag . A,
Date Nov. 23 Nov. 24 Nov. 25 Nov. 2§ Nov. 27 Nov. 27
Time, UT 1610 0611 2228 1213 0730 £ 0130 2226
r, 10" km 0916 0.927 1.018 1.476 2.361 2.533
Normal A, deg 16 ~15 4 =34
Normal §,0ré, deg 8, =-14 g, = —48 g, =25 §,=~-10
V.km/s 330 304 352 302
V,.km/s 353 467 390 ~418 369

wrong, and it is far from the speed determined from the anal-
ysis of the shock data at Voyager 1 (Figure 10), namely, 302
km/s. The shock normal and speed computed from the Voy-
ager | data by using the method of Lepping and Argentiero
[1971] were (A, = —34° 4, = —10°) and V, = 302 km/s, re-
spectively (see Table 4). Using these numbers, assuming that
the shock was plane between Voyager 1 and Voyager 2, and
considering the inertial solar ecliptic positions of Voyager I (r,
= (2.280, —0.274, 0.115) x 10* km) and Voyager 2 (r; =
(2.285, —0.533, 0.267) x 10* km), one finds that the predicted
time delay between Voyager | and Voyager 2 is 11| hours 13

min, which is reasonably close to the observed delay, (I5 =
1.5) hours. (The £1.5-hour uncertainty is due to a data gap.)
The small discrepancy may be attributed to uncertainties in
the shock normal and to curvature of the shock surface. By
contrast, the time delay predicted by using the assumption of
spherical symmeitry is only 36 min. We conclude that the use
of time delays and assumption of spherical symmetry do not
always give accurate shock speeds, whereas the use of local
jump conditions and observations did give reasonably accu-
rate estimates of the shock speed and direction in this case.
The observed orientation of the shock is consistent with that
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Fig. 7. Shocks A|. A,, and A, and the stream interface. At 0600 UT, November 24, 1977, the interface had passed
Helios | but had not reached Helios 2. One shock (A,) was approaching Helios | and arrived at Helios | late on November
24. Two shocks were observed by Helios 2. One (A,) arrived at Helios 2 at 0611 UT on November 24, and another was a
short distance ahead of it. A, and A, coalesced into one shock (A,) as they moved from Helios | to earth, where A, was

detected by Imp 8.
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Fig. 8. A sketch. approximately to scale, showing the position of
shock B. the stream interface, and shock A, at 0600 UT, when A, was
approaching Helios 2. The positions of the spacecraft and the flare site
at that time are also shown. The hypothetical ejecta were not ob-
served. The flare produced encrgetic protons which escaped freely
through the stream. Shock A, accelerated particles locally and per-
baps trapped some of the flare particles, producing a Jocal maximum
in counting rates at the shock observed by Helios 2. These shock-ac-
celerated particles did not penetrate the stream interface and were not
observed by Helios 1.

expected for a shock with a radius of curvature less than 1.6
AU., originating at the flare site.

Helios 2 observed two shocks (A, and A, at 1610 UT on
November 23 and at 0611 UT on November 24. respectively
(see Figures 7 and 11)). However, Imp 8, which was at nearly
the same latitude and longitude and which was only 0.36 AU
away from Helios 2, observed only one shock (A at 1213 UT
on November 25 (see Figures 7 and 10)). We cannot umambi-
guously determine why two shocks passed Helios 2 (several
origins can be imagined), but we can suggest why only one
shock was subsequently observed at Imp 8 and at Voyager 1
and 2. The radial speed of shock A,, determined from the lo-
cal plasma and magnetic field observations of the shock by
method MD! of Abraham-Shrauner and Yun [1976], was 353
km/s. The corresponding speed of A, was 467 km/s. Thus al-
though A, followed A, (i.e.. it was closer to the sun (see Figure
7y), it was moving faster than A,. Consequently. A; should
have overtaken A, at some point: assuming constant speeds.
this point was at 1.08 AU on the Helios 2-sun line. If the com-
puted shock normals (Table 4 and Figure 7) are even approxi-
mately correct, the shocks should have interacted along the
earth-sun line before they reached Imp 8 near the earth. The
observation of only one shock at Imp 8 suggests that when the
shocks interacted. they coalesced. This is in agreement with
gas dynamic theory, where the overtaking of one shock (A))
by a following one (A,) leads to a coalesced shock moving
forward and a reverse rarefaction fan., which because of its
spreading is difficult to observe. (In MHD the interaction
leads 1o seven distinct MHD structures, the most prominent
ones of which are a forward fast shock and a reverse fast rare-
faction wave.) The resultant shock propagated to Voyager 1,
which was close to the earth-sun line. Its radial speed at Voy-
ager 1, which was close to the earth-sun line. Its radial speed
at Voyager 1. determined from the shock observations by us-
ing the method of Lepping and Argentiero [1971], was 369 km/
s. which is in reasonable agreement (considering typical nor-
mal errors) with the speed determined from the time delay be-

tween Imp 8 and Voyager L. namely. 427 km/s. Evidence for
shock coalescence in Pioneer data has been reporned by Smith
et al. [1977]. A second alternative would be a sufficient weak-
ening of one shock before it interacted with the other one.
(Note that the very weak shock would still have to interact
with the second shock.) This possibility is ruled out by the fol-
lowing two arguments: A; cannot be the weakened shock.
since it fits very nicely into the propagation diagram (Figure
9) in contrast 0 shock A,. We rule out a large weakening of
shock A,, since it is followed by a long-lasting region of in-
creased momentium and energy flux as shown in Figure 7.

A remaining aspect which requires clarification is the obser-

_ vation of one shock only at Helios 1. A possible explanation

for this observation may be the presence of the stream inter-
face and an interaction region between Helios | and Helios 2
{Burlaga and Scudder, 1975]. If we approximate the interface
as a tangential discontinuity, its interaction with A, may lead
10 the latter's disappearance [e.g.. Neubauer, 1976].

4. THE DECEMBER SHOCK

During the Helios-Voyager-Imp workshop it was noted that
a shock was observed by Helios 1 and 2 on December 1 and
by Voyager | and 3 op December 2. and 1t was decided to in-
clude this event in the joint study. The interplanetary data are
nearly complete for Helios 1. as is shown in Figure 12. How-
ever, the solar data do not show any large flare which might
have produced the shock. One candidate is an SN flare at S24,
E85 which began in He at 0338 UT on November 30 and
reached a maximum at 0350 UT. This small flare was associ-
ated with an X ray burst (starting at 0330 UT, with a maxi-
mum at 0348 UT) and a SID (stariing at 0334 UT, with a
maximum at 0349 UT). This implies deceleration of the shock
within 0.6 AU [see Gosling et al.. 1968). In view of the uncer-
tainty concerning the source of the shock our discussion em-
phasizes the interplanetary observations.

Postshock conditions. The density and temperature pro-
files in Figure 12 suggest that the shock observed by Helios 1
was followed by ejecta in which the density and temperature
were low. There is also evidence for enhanced magnetic field
intensities in the ejecta. Helios 2 may also have observed the

SHOCK 2

- R(108xm
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Fig.9. Propagation of shock A. The radial position of the shock 17
shown at the limes that the shocks arrived at Helios 1 (HD, Hehos -
(H2). Imp 8, Voyager 1 (V1), and Voyager 2 (V2). The two shovks ob-
served by H2 coalesced into the one shock observed by imp 8. Dep3r
tures from spherical symmetry of shock A are indicated by the seattef
of the points about a straight line.
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Fig. 10. High-resolution magnetic field and plasma data showing that A, (at Imp 8) and A, (at Vovager |) are skocks.
A narrow. broadband burst of electrostalic noise was observed at the time of the shock by both spacecraft. ‘lon acoustic’
waves between f,” and /,* were observed upsiream by both spacecraft. Voyager | also observed whistler mode turbulence

af<f* bchmd the shock

ejecta (Figure 13), but this is less certain because of a data
gap. The shock was also detected by Voyager | and 2 (see Fig-
ures 13 and [4). but they did not encounter ejecta like that
seen by Helios 2. (Voyager 1 observed a small depression in
density on December 4 and a small increase in B on Decem-
ber 4-5; this was probably a local phenomenon, since it was
not seen by Voyager 2, which was near by. This signature is
clearly different from that seen by Helios 1. so we do not iden-
tify it as ejecta.) Thus the evidence is that the shock had a
wide longitudinal extent {240° (see Figure 15)) and was
driven by cjecta less broad, originating east of the Voyager-
sun line.

Note that Voyager 2 observed a nearly monotonic decrease
in speed. density. temperature, and magnetic field strength be-
hind the shock (Figure 13). Many authors have interpreted
such a signature as evidence for a blast wave, generally on the
basis of observations from just one satellite [see Hundhausen,
1972]. However, the observation of ejecta at Helios | indicates

that this was probably not a blast wave: it was a driven shock.
Voyager 2 saw the shock, but it did not encounter the ejecia
owing to its more limited longitudinal extent. This shows that
the signature of the postshock flow is not sufficient to identifyv
the type of a shock wave. This point was made previously by
Ogilvie and Burlaga [1974] and by Rosenau and Frankenihal
[1978]; it has recently been demonstrated very clearly by
Acuna et al [1980]. The concept of a broad shock driven by
narrow ejecta is not new, although it is often forgotten or ig-
nored. It dates back at least to Gold [1959].

Shock motion. Figure 16 gives a plot of radial distance
versus time, showing the shock positions and times deter-
mined from the observations of Helios I, 2 and Voyager 1. 2
and from a sudden commencement at earth. The points lie
very close 10 a straight line with a slope corresponding to a
speed of 555 km/s. Considering that Helios 1 was 19° east of
the Voyager 2-sun line and that earth was 17° west of that

_line the straight line in Figure 16 suggests a nearly spherical
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Fig. 11. High-resolution magnetic field and plasma data showing
that A, and A, are shocks (or steep compressive waves). Electrostatic
plasma wave data from Helios 2 show that the shock was imbedded in
a broad region of Doppler-shifted ‘ion acoustic’ waves. A narrow
spike was observed at 562 and 311 Hz at the time of the shock.

shock front moving at a constant speed between 0.6 and 1.6
AU. Similar results for the August 1972 events were reported
by Smith et al. {1977} and Dryer et al. [1976]. However, exami-
pation of the local shock speeds and normals reveals a more
complicated picture. Since Voyager 2 and Helios 2 were
pearly radially aligned and since Figure 16 suggests a spheri-
cal shock, one expects that Voyager 2 and Helios 2 should
have observed essentially the same shock speed and direction,
the radial componeat of velocity being close to 555 km/s. The
local jump conditions give rather different results (Table Sy
(1) the local speeds were substantially less than the speed de-
termined from the average speed determined from the time
delay; and (2) the shock normal at Helios 2, =-3%4,=
17°) was very different from that at Voyager 2 (\, =38°8,=
—6°). These differences are 100 large to be attributed to uncer-
tainties in the computation of the local shock speed and direc-
tion. The field and plasma parameters were relatively steady
before and after the shock. the field direction change was rela-
tively large (18° at Helios 2), and we used both magnetic field
and plasma observations. so we expect the unceriainty in
speed to be =20 km/s and the uncertainty in direction to be
=<10° (4braham-Shrauner and Yun, 1976; Lepping and Argen-
1i ro, 1971]. Thus the observations suggest that locally the
shock surface may have been distorted such that the normal
was not radial, although the normal may have been radial on
average. Likewise, locally the shock may have been acceler-
ated or decelerated, giving local speeds higher than average in
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one place. lower than average in a second place. and near av-
erage in a third place [Heineman and Siscoe, 1974; Burlaga
and Scudder. 1975). For example. the radial component of the
focal velocity at Voyager-2 (530 km/s) is consistent with the
average speed determined from time delay (555 km/s) within
the experimental uncerainties, but the radial component of
the local velocity at Helios 2 (460 km/s) is substantially less
than the average value. Since Helios 2 and Voyager 2 were
nearly radially aligned. this suggests that the radial com-
ponent of the shock velocity may have fluctuated as much as
=~ +100 km/s and its direction may have fluctuated as much
as +40° as it moved between 0.6 and 1.6 AU. The alternative
is to postulate very large azimuthal varniations.

5. PLASMA WAVES AT SHOCKS

Helios 1, 2 and Voyager 1, 2 carried plasma wave in-
struments (see Gurnett and Anderson [1977] and Scarf and
Gurnent [1977], respectively, for a discussion of the in-
struments), which provided an extensive set of observations of
waves near the interplanetary shocks discussed above. These
observations were used as a means of searching for-and con-
firming the identity of the shocks. More important, however,
they provide an exceptionally large and complete record
which forms a basis for a comparative study of waves at inter-
planetary shocks. Only a few papers discussing plasma wave
electric fields at interplanetary shocks have been published
[Scarf, 1978 Scarf et al., 1979: Gurneit et al., 1979a. b]. Here
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Fig. 12. High-resolution plasma and magnetic field data showing
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Fig. 13. Sixteen-minute averages of the speed, density, temperature, and magnetic field intensity, showing shock C. the
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sity and temperature and the high magnetic field intensities behind the shock at Helios | and 2, suggesting entry into the
ejecta. The parameters slowly decrease behind the shock at Voyager 2. to the preshock levels, indicating that this space-

craft did not penetrate the ejecta.

we shall present only a qualitative discussion stressing the re-
markable variety of signatures. A more comprehensive phys-
ical discussion is deferred to another paper.

The wave data are given together with the plasma and mag-
netic field observations of the shocks in Figures 5, 10, 11, 12,
and 14. The electric field intensity is ploited versus time for
each of several frequency channels on a logarithmic scale with
a range of 100 dB for each channel. The electric field strength
ranges from about 1 4V m™' at the bottom of the scale to 100
mV m™" at the top of the scale. The solid lines represent peak
electric field amplitudes, and solid black areas (or vertical
solid lines in some cases) represent the average electric field
amplitude.

Let us consider the individual shock observations in the or-
der in which shocks were introduced above, beginning with
shock B. This shock had not developed at the position of
Helios 1, but it was observed at both Voyager 1 and Voyager 2
(Figure 5), which were at essentially the same radial distance
(1.6 AU) and separated by 0.2 AU. The Voyager | plasma
wave observations show at least three different types of emis-
sions: (1) turbulence extending downstream of the shock at
frequencies of <{,*, identified as whistler mode turbulence:
(2) waves extending upstream at frequencies from about 1.0 to
5.62 kHz, tentatively identified as ion acoustic waves: and 3

a short, well-defined broadband burst at the shock at frequen-
cies from 10 Hz to 5.62 kHz. These types of emissions have
been discussed by Scarf et al. [1970], Gurnert and Frank
[1978], and Gurnett et al. {1979a). Voyager 2 also observed the
whistler mode turbulence extending downstream from the
shock. and it observed a peak corresponding to the broadband
emissions at the shock. There are no Voyager 2 data above |
kHz, probably because of a failure in the spacecraft data sys-
tem which reduced the sensitivity of these channels.

Plasma waves at shock A were observed by Helios 2 (Figure
11) and by Imp 8 and Vovager | (Figure 10). Whistler waves
were not observed downstream of the shock at Helios 2 and
Imp 8, but they were observed downstream of the shock at
Voyager 1. The shock at Helios 2 is almost totally obscured by
a broad region of ion acoustic wave turbulence from about
562 Hz 10 10 kHz; these waves are not necessarily all associ-
ated with the shock [Gurnetr and Frank, 1978). Imp 8 and
Voyager | (Figure 10) observed ion acoustic waves upstream
of the shock between {,” and f,~. Helios 2 (Figure 11) ob-
served a sharp burst of noise in the 311- and 562-Hz channels
coincident with the passage of shock; Imp 8 found some evi-
dence of a corresponding noise burst below f,*, and Vovager
| observed a noise burst at the shock in the range 31 Hz to
=1.78 kHz
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Fig. 14. High-resolution magnetic field data showing shock C.
The plasma wave data show a short broadband burst at Helios 2 but
not at Vovager 2. Electrostatic waves were observed behind shock C
at frequencies between 311 Hz and 17.8 kHz by Helios 2 and over a
more limited frequency range (178 Hz to 5.62 kHz) by Voyager 2.

Shock C was observed by Helios 1 and 2 and by Voyager 2
(Figures 12-14). None of the spacecrafl observed intense
whistler mode turbulence behind the shock. Helios 1 and
Helios 2 observed ap enhancement in electric field intensity in

NOV 30, 1977
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SHOCK €~ ] - INTERFACE

HELIOS | o
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VOYAGER
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Fig. 15. A sketch, drawn approximately to scale, illustrating the
position of shock B. the corresponding stream interface, the position
of shock C and the corresponding cjecta at hour 0 on November 30,
1977. The pesitions of Helios 1. 2, Voyager |, 2, and earth at this time
are also shown,

3
SHOCK C
2k
R (108 kmi}—
[}
| 7
4
/ ¢
/. /FLARE ?
oL 14 1 ] 1 1
30 2 4
DEC 1977

Fig. 16. Propagation of shock C. The radial distances at the times
that the shock passed each of the spacecraft are shown. The straight-
line fit suggests a uniform speed of 555 km/s and sphencal symmerry.
but local observations indicate appreciable scatter about those values

the range 562 Hz to 10 kHz with a large peak to average ratio.
probably due to Doppler-shifted ion acoustic waves [Gurnert
and Frank, 1978). The waves exiended both upstream and
downstream at Helios | but only downstream at Helios 2.
Voyager saw only weak emission of such waves, downstream
of the shock. A sharp. intense (1-5 mV m™") broadband burst
of electric field turbulence was observed at Helios 2, but it was
absent at Voyager 2 and missing or obscured by the ion acous-
tic waves at Helios 1.

We conclude that at least three types of emissions (in vari-
ous combinations) may be observed at an interplanetary
shock, namely, downstream ‘whistler mode turbulence,’ up-
stream ‘ion acoustic’ waves, and a brief broadband noise burst
coincident with the shock. [n some cases, only one or two of
these are observed. In addition. the shock may be embedded
in 2 broad region of ion acoustic waves not necessarily caused
by the shock. The combination of wave types and the charac-
teristics of each wave mode seen at one spacecraft may be
very different from those observed by another spacecraft
nearby. Apparently, the plasma waves at a shock depend
strongly on the local characteristics of the medium. This is not
surprising, since it has béen observed in the case of the earth’s
bow shock [Greenstadt et al., 1973]. However, the basic types
of emissions are the same at 0.6 AU as they are at 1.6 AU.

6. ENERGETIC PROTONS

In the interval November 22 to December 6. 1977, Helios
and Voyager instruments observed energetic protons (=50-
200 keV) produced by at least two mechanisms: local shock
acceleration and acceleration in a flare. Tt is convenient (o be-
gin by discussing the former, since shock-accelerated particles
are less complicated by propagation effects.

Shock acceleration. Protons accelerated by a shock are
seen most clearly in the case of shock C, which was relatively
isolated and uncomplicated, as was discussed in section 4. Re-
call that Voyager | and 2 observed a shock behind which the
flow parameters and magnetic field intensity dropped gradu-
ally to the preshock values: there was no evidence of ejecta
like those observed by Helios 1. Figure 17 shows enhance-
ments in the counting rate of protons at Voyager 1 and 2 in
the energy range =50 1o =138 keV; the maximum intensity
occurred at or just behind the shock. At Voyager 2 the peak
counting rate was =100 times the ambient value, and at Voy-
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TABLE 5. Shock C

Helios 2 Helios | Imp7 Vovager 2 Voyager |
Shock C, C.: C, C. Cs
Date : Dec. | Dec. | Dec. 2 Dec. 3 Dec. 3
Time. UT 0129 0514 0215 2141 2318
r, 10" km 1.042 L1HL 2.455 2.445
Normal A,. deg -3 3 383
Normal 4,, deg 17 ~-34 -6
V.km/s 44| 417 415
V.km/s 460 501 530

ager | the enhancement was somewhat smaller. The enhance-
ment began =15 hours ahead of the shock at both Voyager 1
and Voyager 2. It persisted for =32 hours behind the shock at’
Voyager | and =28 hours behind the shock at Voyager 2.
There were small differences in the shapes of the profiles
which might be due 10 differences in the local magnetic field
configurations. Basically, however, the proton enhancement at
Voyager | was similar to that at Voyager 2. This may be due
to the simple geometry of the shock near Voyager 1 and 2 and
to their relatively small separation (0.2 AU).

The situation at Helios | and 2 was quite different. Both
spacecraft observed an enhancement in counting rate of pro-
tons (Figure 17). The maximum enhancement at Helios 2 was

only =20 times the background counting rate, and it occurred

at the shock. Two maxima were observed by Helios |, and the
shock occurred between them. A compression wave was ob-
served at the time of the second maximum (Figure 12), but the
time resolution was not adequate to determine whether or not
it was a shock. The counting rate dropped abruptly approxi-
mately 6 hours after the shock at both Helios | and Helios 2,
in contrast to the more gradual. longer-lasting decline at Voy-
ager | and 2. This might be due, at least in part, to the pres-
ence of ejecta at Helios | and at Helios 2, which were not ob-
served by Voyager | and 2. (There is no accepted signature for
the boundary of ejecta, and we cannot be certain that we have
identified one. The vertical line behind the shock in Figure 17
corresponds to an abrupt decrease in density observed behind
the shocks in Figures 12 and 13). The enhancement began =6
hours ahead of the shock at Helios 2 and a few hours ahead of
the shock at Helios I; the slight difference could be due to dif-
ferent acceleration efficiencies of the two shocks and/or to dif-

ferent upstream magnetic field conditions which gave con-
nection to the shocks at slightly different times. There is a
“curious enhancement at Helios 1, occurring several hours

~ ahead of the shock-associated enhancement but closely resem-

bling it. One can imagine that this was due to a magnetic field
geometry which provided a good connection between the ob-
server and the shock for several hours before the shock ar-
rived.

The differences between the enhancements at Helios | and
Helios 2 and the differences between the enhancements at
Voyager | and Voyager 2 indicate that local conditions do in-
fluence the intensity profile somewhat. Note, however, that
the Voyager [, 2 profiles have a greater maximum enhance-
‘ment and a greater upsiream extent than the Helios 1, 2 pro-
files. One possible reason for this (but not the only one) is that
Voyager 1, 2 were farther from the sun than Helios I, 2, so
that the shock at Voyager 1, 2 had been accelerating particles
for a longer time and perhaps accelerated and accumulated
more particles than it had when it was at the positions of
Helios | and 2.

Flare-accelerated particles. Now let us discuss the low-en-
ergy (=25-200 keV) protons ejected by the flare of November
22, 1977 (see section 3 for a discussion of the flare character-
istics and the corresponding interplanetary flows). Helios |
and 2 observed very different intensity-time profiles during
the decay in intensity (Figure 18), even though they were at
nearly the same radial distance and were separated in longitude
by only 32° (see Figures | and 8). At Helios | the intensity de-
creased smoothly and monotonically for at least 3 days (Fig-
ure 18). The corotating stream discussed in section 2 was east
of Helios | at the beginning of the event, and the interface
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Fig. 17. Counting rates of energetic protons near shock C, obsérved by Helios 1, 2 and Voyager 1, 2. The broad. in-
tense fluxes of panticles at Voyagers 1 and 2 closely resemble one another, but they differ appreciably from the narrower,
less intense fluxes observed by Helios | and 2. The Helios 2 profile differs appreciably from that of Helios |. The abrupt
decrease in counting rates behind the shock observed by Helios | ana Helios 2 may be due to a flow boundary (e.g., a

piston) behind the shock.
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Fig. 18. Counting rates of energetic protons produced by the No-
vember 22 flare and by shock A, as observed by Helios | and 2. The
speed profiles are shown as an aid in describing the corresponding
flows. Helios | and Helios 2 observed similar intensity-time profiles
during the initial stage of the decay. Helios 1, which was in the coro-
tating stream, continued to observe an uninterrupted. monotonic
decay to the background level 3 days later. Helios 2 observed a second

increase of flux. The intensity dropped abruptly when the interface ar-
rived, because the accelerated particles did not penetrate the interface.

passed the spacecraft =16 hours later with only a smail per-
turbation on the intensity-time profile. Apparently, the flare
injected particles over a broad range of longitudes near the
sun, so that the intensity. versus longitude was nearly uniform
across the corotating interface. The particles in the slow flow
ahead of the interface decayed freely (e.g., by diffusing to in-
finity [Kurt et al., 1978)) for at least 16 hours after the flare,
and the paricles in the corotating stream decayed similarly
for at least 3 days after the flare. In particular, particles in the
corotalmg stream were unaffected by the flare- associated
shock wave (shock A) and the postshock flow (see section 3
and Figure 8).

The intensity-time profile at Helios 2 was quite different
from that at Helios 1, probably because it was influenced by
the flare-associated shock and postshock flow. The early part

of the decay seen by Helios 2 was very similar 1o that ob-
served by Helios | (Figure 18), the flux decreasing monotoni-
cally for at least 12 hours. As shock A, (produced by the flare)
approached Helios 2, the counting rate of energetic protons
began to increase, reaching a maximum at the time that shock
A, reached Helios 2. The maximum flux was 4 x 10° ions
cm~?s”' sr-' MeV™'. The maximum counting rate was =25
times that measured by Helios 1 at the same time, that is,
comparable to the increase which Helios 2 observed at shock
C. as described above. This increase may be due to (1) parti-
cles accelerated by the shock. (2) flare particles trapped be-
hind the shock. and/or (3) energetic storm particles. Follow-
ing the shock the counting rate again decreased until the
interaction region of the corotating stream arrived at Helios 2,
at which time there was a slight increase in the counting rate,
perhaps due to compression in the interaction region. When
the interface arrived. the counting rate at Helios 2 dropped
rapidly (exponentially with a time scale of 3 hours) 1o approx-
imately the same level that Helios | recorded. Apparently,
particles accelerated by shock A could not penetrate the
stream interface, and many were trapped in a region bounded
by the interface on one side and the shock on another side.
The ejecta from the flare might have provided the third
boundary. The scenario that has been described is represented
schematically in Figure 8.

Voyager 1 and 2 observed intensity-time profiles of protons
in the energy range =50-138 keV (Figure 19) which resemble
the profile recorded by Helios 2. During the early stage of the
decay both spacecraft observed a monotonic decrease in
counting rate lasting =16 hours. (The initial increase in count-
ing rate and the first hour or two of the decay include an un-
certain contribution to energetic, omnidirectional particles.)
The counting rate then increased gradually during the next 8
days, reaching a maximum counling rate at the time that
shock A arrived. (Recall that there was a data gap at Voyager
2 between 0600 and 0900 UT, so the shock was not observed
directly.) This gradual increase lasted too long to be due to
particles accelerated by the shock alone. Probably, energetic
storm particles were present. The rapid increase several hours
ahead of the shock at Voyager I and 2, however, is probably a
contribution due to shock acceleration. The enhancement is
relatively small, no more than about 16 times the ambient
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Fig. 19. Counting rates of encrgetic protons observed by Voyager 1 and 2. Speed profiles are shown to indicate the
flow conditions. Both Voyager | and Voyager 2 observed flare particles on November 22. The broad increase beiween No-
vember 27 and 29 may be due 1o energetic storm particles. Locally accelerated particles are observed at the transient shock
A. but there is no significant increase at the stationary shock B.
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value. It did not extend above 0.5 MeV for protons. No modu-
lation of electrons in the range 0.03-1.5 MeV was observed.
At the time of the shock, Voyager | observed a strong ani-
sotropy (3.5:1). the particles flowing away from the sun.
Shortly after the shock passed, the anisotropy direction re-
versed. and particles were observed to be streaming toward
the sun. consistent with the hypothesis that most of the parti-
cles observed near the shock were accelerated by the shock.
Following the shock the counting rate decreased, rapidly at
first and then more slowly. Shock B (see section 2) arrived at
Voyager | and 2 during the decline in intensity, on November
29, and the corotating stream interface arrived several hours
later. A very small increase in the counting rate of low-energy
protons was observed by Voyager 2. and an even smaller in-
crease by Voyager 1, but these were insignificant in com-
parison 1o the other shock-associated enhancements described
above. A small increase in counting rate was observed in the
interaction region ahead of the interface (Figure 19), apalo-
gous to that observed on November 25 by Helios 2 when it en-
countered the interaction region (Figure 18).

7. SUMMARY

We have presented a wealth of data obtained at =06, I,
and 1.6 AU, describing the evolution and interactions of parti-
cles. flows, and fields in the period November 22 to December
6, 1977. Some of the principal results of our analysis of these
data are as follows: -

I. A small, corotating stream, originating in a coronal
hole, was observed to disappear as it moved {rom 0.7 to 1.6
AU. A forward shock (shock B) was produced by the siream
and observed by Helios 2 (0.6 AU), Imp 8 and earth (I AU},
and Voyager |, 2, which were nearly radially aligned, how-
ever, the shock was not corotating because it was not seen at
Helios I, 35° east of Helios 2. Apparently, the flow was coro-
tating but nonstationary. The stream interface corotated from
0.7 to 1.6 AU and persisted even though the siream had dis-
sipated; it was stable, and its structure remained essentially
the same at all positions.

2. An exceptionally intense type IIT burst, produced by
the November 22, 1977, flare, was observed by Helios | and 2,
The electron beam which caused it and plasma oscillations ex-
cited by the beam were observed at 0.6 AU.

3. The shock produced by the flare of November 22
(shock A) was nonspherical, pointing 34° to the east and 10°

south of the radial direction at 1.6 AU. It interacted with an-

other shock beyond 0.6 AU, and they coalesced, forming a
single shock that was observed at 1 and at 1.6 AU.

4. A shock of uncertain origin (shock C) was observed by
five spacecraft at radial distances from the sun ranging from
0.6 to 1.6 AU and with longitudinal separations of up to 36°.
The radial distances versus time diagram suggested a spherni-
cal shock moving at a constant speed, but analysis of data at
the shocks showed local fluctuations of up to 100 km/s in
speed and 40° in direction.

5. One or more of three types of electrostatic waves were
observed at interplanetary shocks: upstream waves with [, =
[ < /,”, downstream waves with [ < f,7, and broadband poise
at the shock. These three types of emission were observed at
1.6 AU as well as 0.6 AU. The specific pattern varied greatly
among the shocks observed. even for the same shock observed
at closely separated (=0.2 AU) spacecraft, indicating a strong
dependence on local shock and solar wind parameters.

6. Energetic protons (=50-200 keV) were observed to be

accelerated at shocks. The maximum and half widths of the
flux profiles at a shock differed by approximately a factor of 2
over distances of a few tenths of an astronomical unit, in-
dicating a dependence on local conditions. The data suggest a
tendency for the fluxes 1o become broader and more intense
with increasing distance from the sun. )

7. Energetic protons (=50 keV) from the November 22,
1977, flare were observed. Helios | observed that their in-
tensity decayed monotonically in the corotating stream, with
little change across the stream interface. Helios 2, 30° to the
west of the interface. observed a very different profile. with a

“second increase to 2 maximum at the time that the shock pro-

duced by the flare arnived. These ‘extra’ particles apparently
did not penetrate the interface, for the intensity at Helios 2
dropped abruptly to the intensity observed at Helios | when
the interface corotated past Helios 2.
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The Volume Emissivity of Type III Radio Bursts

ROBERT L. TOKAR AND DONALD A. GURNETT

Department of Physics and Astronomy, The University of lowa, fowa City, lowa 52242

The volume emissivity has been calculated for thirty-six type HI solar radio bursts obtained from ap-
proximately 6.5 years of Imp 8 and ISEE | satellite data. Although the emissivities for these events vary
over a large range, all the emissivities decrease rapidly with increasing heliocentric radial distance. The
best fit power law for the emissivity, using the average power law index for all events analyzed, is J =
JoR™0, with Jp = 1.5 x 102 W m™> sr~!, This best fit emissivity is used to estimate the expected radial

variation of the plasma oscillations responsible for the type IlI radio emission.

INTRODUCTION

Type 111 solar radio bursts are characterized by an emission
frequency which decreases with increasing time. These bursts
are produced by solar flare electrons traveling away from the
sun along the interplanetary magnetic field lines. The decreas-
ing emission frequency with increasing time is attributed to
the decreasing electron plasma frequency encountered by the
exciter electrons as they move outward away from the sun
[Wild, 1950; Lin, 1970; Alvarez et al., 1972]. The generation of
type III radio bursts is thought to be a two-step process in
which electrostatic electron plasma oscillations are first pro-
duced by the energetic electron stream and are then converted
to electromagnetic radiation by nonlinear interactions [Ginz-
burg and Zheleznyakov, 1958; Sturrock, 1961; Tidman et al.,
1966; Papadopoulos et al., 1974; Smith, 1974]. For a review of
low-frequency type II1 bursts, see, for example, Fainberg and
Stone [1974]. Plasma oscillations associated with type II
bursts are described by Gurnett and Anderson {1976, 1977] and
Gurnet! et al. [1978a).

The volume emissivity, which is the power emitted per unit
volume per unit solid angle, is a fundamental quantity which
characterizes all radio emission processes, including type 111
radio bursts. Because of the recent observations of electron
plasma oscillations in association with type III bursts if is now
possible to conduct quantitative evaluations of various mech-
anisms for generating the radio emission. Since little is known
concerning the emissivity of type III bursts, particularly in the
low-frequency range where direct comparisons with plasma
oscillations are possible, it is the purpose of this paper to in-
vestigate the emissivity of some representative type III radio
bursts. Particular attention will be given to the variation of the
emissivity with heliocentric radial distance, since this varia-
tion can be directly compared with various generation mecha-
nisms.

The type III events analyzed in this study were obtained
from the earth-orbiting Imp 8 and ISEE | satellites. The
plasma wave instrumentation onboard Imp 8 and ISEE 1 are
described by Gurnett [1974] and Gurnett et al. [1978¢], respec-
tively.

METHOD OF CALCULATING THE EMISSIVITY

The emissivity is calculated by using the sun-centered
coordinate system shown in Figure 1. The emissivity is de-
fined as

Copyright © 1980 by the Amencan Geophysical Union.
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J = AAVi:Wm" st ¢))]
where AP is the power radiated in volume AV into a solid
angle Aw. Since the angular distribution of the emitted radia-
tion is not known, we will assume that the radiation is emitted
isotropically (i.e., Aw = 47). To determine J we measure the
spectral power flux at the earth and compute AP using a 1/
law for the radial variation of the emitted radiation. The isot-
ropy assumption and the simple propagation model used of
course introduce an error, since any radiation propagating to-
ward the sun will be reflected, thereby producing an ani-
sotropy in the emitted radiation pattern. The error introduced
is, however, at most a factor of 2, which is small in com-
parison with the wide range of intensities observed from event
to event. Also, the isotropy assumption does not affect the
radial variation of the emissivity, since sources at all radial
distances are treated equivalently.

To compute the power AP, the distance from the source to
the carth must be determined. Since the source position can-
not, in most cases, be determined by direct measurement, a
simple model is used for the trajectory of the type III source.
The source is assumed to follow the magnetic field in the solar
wind starting from the flare location at the sun. The magnetic
field model used is that of Parker [1958]: in the solar equa-
torial plane the magnetic field lines are Archimedian spirals,
whereas in the meridian plane the field lines stay on a cone of
constant heliographic latitude. The heliographic longitude of
the associated flare, ¢y, gives the heliographic longitude of the
source region, ¢, through the Archimedian spiral equation

¢ = do — (w/V.)R @

Here w is the rotational velocity of the sun, ¥V, is the solar
wind velocity, taken as 400 km/s, and R is the heliocentric
radial distance to the source. R is related to the observed emis-
sion frequency by using the emission level scale given by
Fainberg and Stone [1974],

[ = 66.8R~">'* MHz 3)

where [ is the observed frequency of the type III burst and R
is the heliocentric radial distance in solar radii. The position
of the earth above the solar equatorial plane is determined
from a simple model for the earth’s orbit around the sun.

From the measured radiation intensity 7 at the time of max-
imum intensity the power radiated from the source, AP, in fre-
quency interval Af is calculated from

AP = (4nr?)IAf “)
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Fig. 1.
culate the emissivity of a type Il burst source region. The spectral
power flux at the earth gives the power radiated out of the source re-
gion and this together with the volume of the source region gives the
emissivity.

A perspective drawing showing the geometry used to cal-

where r is the radial distance from the source to the earth (see
Figure 1). The volume of the source is determined by two fac-
tors, the angular size of the source as viewed from the sun, &,
and the radial thickness AR. Since the electrons which pro-
duce the radio emission closely follow the interplanetary mag-
netic field lines, the angular size of the source as viewed from
the sun is essentially constant, independent of radial distance
from the sun. Since it is often not possible to determine the
source size because of geometric considerations, we have as-
sumed a half angle for the source of 45° as viewed from the
sun. The corresponding solid angle is £ = 1.84 sr. This source
size is comparable to the source sizes measured by Baumback
et al. [1976)] and Gurnert et al. [1978b] and is considered a rea-
sonable estimate, since both radio and charged particle mea-
surements indicate that the source must be quite large. The re-
lation of the radial thickness AR to the frequency interval Af
can be determined from (3), which gives AR/R = 1.315 (Af/).
By combining all of these factors the volume of the source be-
comes

AV =QRAR = |.315QRYAf/f) (5)
and the emissivity is given by
J=(P{/1.315QR)I 6)

Since the emissivity is determined by using average values
for the solar wind parameters and since significant deviations
from the average parameters may occur in specific cases, the
approach taken is to analyze a large number of events and

TOKAR AND GURNETT: BRIEF REPORT

compute an average best fit emissivity, thereby hopefully av-
eraging out the variations which may be present in indivadnal
cases. Although the absolute emissivity is probably uncertain
by about a factor of 2, mainly due to the difficulty in estimmat-
ing the angular size of the source, the radial dependence of
the emissivity is much more accurately determined, since most
of the parameters assumed are nearly independent of radial
distance.

RESULTS AND DISCUSSION

Approximately 5 years of Imp 8 data and 1.5 years of ISEE 1
data were surveyed for type IIl bursts suitable for analyz-
ing the emissivity. While type III bursts were frequently ob-
served, two main factors limited the number of events used in
this study: (1) clear burst maximums needed to be observed in
at least three channels in order to give a reasonably accarate
indication of the radial variation of the emissivity; and (2) for
cach event an associated solar flare had to be found in order
to determine the trajectory of the source. Of a total of 117
events which showed clear burst maxima, 54 had assocated
solar flares. Of these, 13 events were common to both satel-
lites. Restricting the study to heliocentric distances less than
1.0 AU eliminated 3 events, while 2 events were eliminated as
being inconsistent. Consequently, 36 events were suitable for
analysis. Table 1 contains the date, onset time, and flare
coordinates for each event.

For each event the emissivity J was calculated as a function
of the heliocentric radial distance R and fit to a power law of
the form J = J,R". In most cases a power law provided a good
least squares fit to the radial dependence, although in a few
cases a substantial deviation from a power law was observed.
In all cases the power law index a was negative, indicaning a
decroasing emissivity with increasing radial distance from the
sun. Consult Table | for the derived J, and a values. The dis-
tribution of the power law indices obtained is shown by the
histogram of Figure 2. The highest frequency of occurrence of
an « falls in the interval from —4.0 to —6.0, and the average
value of all the indices measured is @ = —6.0 + 0.3. The stan-
dard deviation of the sample is 1.9. Figure 3 shows a composite
summary of the emissivity for all the events analyzed. Points
common to the same event are connected by a line. As can be
seen, the emissivity varies over a large range from event to
event. The dashed line shows the best fit of log J to log JL.R°.
The best fit value for Jyis 1.5 X 107 W m™ sr™',

It is clear from these results that the emissivity of low-fre-
quency type III radio bursts decreases very rapidly with in-
creasing radial distance from the sun, with an average power
law index of about —6.0. This decrease in the emissivity must
be related to a corresponding decrease in the plasma oscllation
intensity with increasing radial distance from the sun. From
the currently available evidence on type III radio bursts the
dominant emission at low frequencies is thought to be at the
harmonic, 2f,”, of the local electron plasma frequency [Fain-
berg et al., 1972; Haddock and Alvarez, 1973, Kaiser, 1975,
Gurnett et al, 1978b]. In all current theories for harmonic
emission the essential dependence of the emissivity oo the
electric field strength E of the plasma oscillations is J = E*.
Neglecting for the moment other weaker radial dependences,
the R~%° dependence of J would imply a R~'* variation of E
with radial distance from the sun. This radial vanation of the
plasma oscillation intensities is not nearly as steep as the R™**
dependence reported recently by Gurnert et al. [19784a]. How-
ever, the plasma oscillation intensities given by Gurnernr er al.



i

Hi

TOKAR AND GURNETT: BRIEF REPORT

TABLE 1. The 36 Events Analyzed, With Associated Flare Coordinates and Calculated J, and a
Values
Flare Coordinates
Onset Time, (Heliographic)

Date uT Latitude  Longitude  Jo, Wm™ sr~! a
Dec. 23, 1973 ’ 0800 16°S I5°wW 6.84 x 103 - 58
Jan. 18, 1974 0230 4°N 65°W 322x 1078 - 25
April 5, 1974 1800 Ies I5°W 513 x 1073 - 44
May 8, 1974 0100 16°S I°E 257 x10°% - 45
May 9, 1974 2300 5°S 45°W 141 x 10~ - 53
Sept. 18, 1974 0530 9°N 3I7T°W 2.17x 1073 - 54
Sept. 18, 1974 1130 10°N 42°W 216 x 1072 -52 -
Jan. 4, 1977 1720 22°S T2°W 147 x 1072 - 6.2
Oct. 10, 1977 2035 6°N 10°E 951 % 107% - 6.8
Nov. 22, 1977 ’ 1000 23°N 4]1°W 325 x 1072 - 87
Dec. 7, 1977 0330 22°8 16°W 7.42x 10-8 - 53
Dec. 9, 1977 0650 24°S 41°wW 2.48 x 1072 - 98
Dec. 23, 1977 0630 23°N 6°E 8.93 x 10~2% -11.0
Dec. 24, 1977 1840 22°N 12°W 2.10 x 1072 - 76
Jan. 6, 1978 0730 35°N 4°W 352x 107 - 37
Jan. 8, 1978 0710 12°S 85°wW 292 x 107 - 56
Feb. 11, 1978 1430 14°N 6°E S.12x 1078 - 85
March 4, 1978 1200 18°N 39°E 4.88 x 10~ - 93
March 12, 1978 0210 20°N 69°W 9.15 x 10~ - 47
April 11, 1978 1410 22°N 56°W 5.06 x 10~ - 44
April 18, 1978 0100 14°N 45°W 6.10 x 10-22 - 56
May 6, 1978 1635 19°N 53°W 220x 10724 - 5.1
May 13, 1978 0750 28°S 70°W 1.90 x 10-2 - 56
May 22, 1978 0200 27°8 44°W 1.96 x 10-2! - 28
May 31, 1978 1620 21°N 56°W 421 x 1072 - 84
June 1, 1978 1330 21°N 17°W 1.81 x 10722 - 38
July 1, 1978 1145 21°N 65°E 1.35 x 1072 - 43
July 11, 1978 1050 20°S 28°W 295 x 10724 - 59
Sept. 8, 1978 1815 I5°N 64°W 2.39 % 10~ - 47
Sept. 23, 1978 1010 34°N 50°wW 501 x 1072 - 4.6
Oct. 5, 1978 1405 18°S 4°E 131 x 1072 - 15
Oct. 13, 1978 1235 18°S 1°wW 7.29 % 10~ - 6.5
QOct. 31, 1978 0915 20°N 36°W 2.70 x 10-2¢ -173
Dec. 18, 1978 1630 11°N 17°E 262 x 107 - 54
Feb.18, 1979 0650 I19°N 16°E 7.57 x 16-77 - 7.8
Feb. 18, 1979 1640 I8°N 16°W 5.77 x 10724 - 6.6

[19784] are based on so few points it is probably not possible
to make a meaningful quantitative comparison until more
plasma oscillation events are analyzed. Such a study is cur-
rently under way. Nevertheless, it is interesting to note that
the R™'* variation implied by the above considerations agrees
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reasonably well with what would be expected for the satura-
tion amplitude of plasma oscillations in the solar wind. Satu-
ration effects are usually characterized by a dimensionless ra-
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Fig. 2. A histogram of the power law indexes obtained from the
36 events analyzed. The highest frequency of occurrence is in the in-
terval —4.0 to 6.0, and the average index is —6.0 £ 0.3. The standard
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Fig. 3. A composite plot of the emissivity for the 36 events used in
this study. Points common to one event are connected by a solid line,
and the best fit power law is shown by a dashed line. This plot shows
that the emissivity decreases rapidly with increasing radial distance
from the sun.
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tio of the electric field to plasma energy density, E*/8mnkT,
which reaches an approximately constant asymptotic value af-
ter the instability has grown into the nonlinear regime. Since
the electron density varies approximately as n oc 1/R? and the
electron temperature varies approximately as T oc R™%* [Hund-
hausen, 1972}, the saturation electric field strength should
vary approximately as £ «< R™'" if E*/8ankT is constant,
which is very close to the radial dependence estimated from
the emissivity.
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Correction

In the paper ‘The Volume Emissivity of Type III Radio
Bursts’ by Robert L. Tokar and Donald A. Gurnett (Journal
of Geophysical Research, 85(AS), 23532356, 1980) there is an
error in the equation immediately preceding (5). It should
read Af/f = 1.315AR/R. This changes (5) to AV = (QRY/
1315)A//f) and (6) to J = (1.3157/QR%)1. As a result, the

Copyright © 1981 by the American Geophysical Union.

Paper number 80A0863. 378
0148-0227/81/080A-0863301.00

best fit value of J, is now 2.6 X 10" W m~? sr~!, and the A
values given in Table | should be multiplied by (1315 =
L.73. Also, any J values taken from Figure 3 should be multj-
plied by 1.73. These changes do not affect our conclusions.

(Received May 23, 1980;
acoepted May 28, 1980.)
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A SUMMARY OF PROGRESS IN SPACE PHYSICS
MADE WITH HELIOS PLASMA WAVE INSTRUMENT DATA (E 5a)

P.1.: D.A. Gurnett
Co.I.: R.R. Anderson

Department of Physics and Astronomy, University of Iowa
Iowa City, Iowa U.S.A.

Many significant advances in the study of plasma waves in the solar wind
have been made with data from the University of Iowa Plasma Wave Instruments
on Helios~l and -2. The first observations of intense electron plasms
oscillations assoclated with Type III solar radio bursts were made with data
from these instruments. These observations confirmed the basic electron
plasma oscillation mechanism proposed by Ginzburg and Zheleznyakov in 1958 for
the generation of the Type III solar radio emissions. A study of electron
plasma oscillation events associated with Type III solar radio bursts, using
data from Helios-1 and -2, IMP-6 and -8 and Voyager 1 and 2, found that these
events showed a pronounced increase in both intensity and frequency of
occurrence with decreasing heliocentric radial distance. Only the Helios
spacecraft, with their close approaches to the Sun, have been able to provide

in situ measurements of these events in the region of their highest

occurrence.

The Type IIT solar radio burst itself has been studied exteunsively using
data from the Helios spacecraft. Stereoscopic radio direction-finding
measurements from the Helios-1 and -2, IMP-8 and Hawkeye 1 spacecraft wera
used to track a Type III solar radio burst in three dimensions, independent of
modeling assumptions concerning the emission frequency as a function of radial
distance from the Sun. By combining these radio direction-finding
measurements with direct in situ measurements of the solar wind plasma density
near the Sun, 1t was found that the dominant emission occurs at the second
harmonic, 2 fp-, of the electron plasma frequency. The results of this study
confirmed earlier results by other investigations which had to rely on assumed
models for the radial depeandence of the emission frequency or on average

statistical properties of the solar wind.
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Further work has also been done on the association of Type III solar
radio bursts and electron plasma oscillations in order to provide important
new information on nonlinear plasma processes of considerable current
interest. A study of the volume emissivity of Type IIL solar radio bursts
showed that although the emissivities varied over a large rénge, all the
emissivities decreased rapidly with increasing heliocentric radial distance.
The best fit power law for the events analyzed found the emissivity J

proportional to r=6-0£0-3,

When the observed electron plasma oscillation
intensities and variation with radial distance (E was proportional to
R-l-4i0.5) were used in two curreat models for the conversion of electrostatic
plasma oscillations to electromagnetic radiation, the observed emissivities

were shown to be in good agreement with the predicted emissivities.

The most commonly occurring plasmé wave detected by Hellos is a sporadic
emission between the electron and ion plasma frequencies. These waves are
thohght to be ion acoustic waves which are Doppler-shifted upwards in
frequency from below the ion plasma frequency by the motion of the solar
wind. Wavelength measurements from IMP-6 support this conclusion. Comparison
of Helios results with measurements from this Earth;orbiting spacecraft show
that the ion acoustic wave turbulence detected in interplanetary space has
characteristics essentially identical to those of bursts of electrostatic
turbulence generated by protons streaming into the solar wind from the Earth’s
bow shock. In a few cases, 1lon acoustic wave enhancements have been observed
in direct association with abrupt increases in the anisotropy of the solar
wind electron distribution. Comparlscns with the overall solar wind
corotational structure show that the most Intense lon acoustic waves usually
occur in the low-velocity regions ahead of high-speed solar wind streams. Of
the detailed plasma parameters Investigated, the ion acoustic wave intensities
are found to be most closely correlated with the electroun-to-proton
temperature ratio, Te/Tp, and with the electron heat flux. Investigations of
the detailed electron and proton distribution functions also show that the ilon
acoustic waves usually occur in regions with highly non-Maxwellin
distributions characteristic of double-proton streams. Two main mechanisms, an
electron heat flux instability and a double-ion beam instability have been
studied as possible generation mechanisms for the lon-acoustic-like waves

obgserved in the solar wind.
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Plasma wave turbulence assoclated with interplanetary shocks has also
been studied using the Helios plasma wave data. Three types of plasma waves
are usually detected in association with a strong interplanetary shock:

(1) electron plasma oscillations, (2) electrostatic ion-acoustic or Buneman
mode turbulence from about 1 to 30 kHz and (3) whistler-mode magnetic noise.
The primary burst of electric and magnetic field noise at the shock occurs a
few seconds after the jump in the magnetic field, with a broad maximum in the
electric field intensities at a few kHz and a monotonically decreasing
magnetic field spectrum below about 1 kHz. Many of the characteristics of

strong interplanetary shocks are found to be closely similar to previous

- observations of plasma wave turbulence associated with the Earth’s bow shock.

The Helios-1 and -2 Plasma Wave Instruments continue to operate
satisfactorily and are returning valuable scientific data. As solar maximum
approaches, the number of solar radio bursts and interplanetary shock waves
detected has increased dramatically. This increase in activity provides many
valuable opportunities for correlati&érstudies with ISEE-1, =2 and -3 to
provide triangulation measurements of Type III solar radio bursts and other
plasma wave events. Current research efforts are concentrating on the study
of plasma waves associated with interplanétary shocks using a large number of
events to Investigate the dependence of the plasma wave Intensities on the
Mach number, magnetic field direction and shock normal angle. Other studies
of electron plasma oscillations associated with Type III solar radio bursts

and electron plasma oscillations and ion acoustic waves in the solar wind are

continuing.
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PLASMA WAVES IN THE SOLAR WIND: A REVIEW OF OBSERVATIONS

D. A. Gurnett
Department of Physics and Astronomy, The University of Iowa
Towa City, Iowa, USA

Abstract. A review is presented'of the current experimental and theoretical under-

standing of plasma waves in the solar wind, with comments on the possible effect

these waves may have on the macroscopic structure of the solar wind. Only short
wavelength waves at frequencies above the magnetohydrodynamic regime are considered.
These waves include electron plasma oscillations, ion-acoustic waves, whistler-mode
waves, and ion-cyclotron waves. Waves associated with interplanetary shocks are

also discussed.

I. INTRODUCTION

In the past few years significant advances have been made in our knowledge and under-
standing of plasma instabilities in the solar wind. The purpose of this paper is to
survey the current status of solar wind plasma wave observations and to comment on the
various plasma instability mechanisms which are thought to be responsible for these
waves. To limit the scope of this review only short wavelength instabilities driven
by microscopic, local processes in the solarm;ihd are considered. For a review of
long wavelength, Alfvén and magnetohydrodynamic (MHD) waves involving interactions on
time scales comparable to the expansion time of the solar wind, see for example,
Hollweg [1975]. Since this review covers éilrwaves above the MHD range, the fre-
quencies of interest extend across the entire range of local characteristic fre-
quencies of the plasma, from the ion-cyclotron frequency to the electron plasma fre-

quency.

Since the earliest work of Parker (19581, it has been thought that plasma instebili-
ties play an important role in the dynamical evolution of the solar wind. As is well-
known, waves generated by jnstabilities in a collisionless plasma play a role similar
to collisions in an ordinary gas by providing the scattering and momentum transfer
necessary to drive the plasma towards thermal ehuilibrium. Since the collisionless
solar wind plasma can be described in many respects by fluid-like equations involving
approximate local thermal equilibrium, wave-particle interactions mist be involved in
determining the equilibrium particle distributions. It has been suggested, for exam-
ple, that wave-particle interactions play & role in controlling the heat flux in the
solar wind [Forslund, 1970; Gary et al., 19751, in heating the solar wind protons
[Fredricks, 1969], in thermalizing double-lon streams [Montgomery et al., 1975; Lemons
et al., 19781, in accelerating alpha particles in the solar wind [Hollweg and Turner,
1978], and in controlling the evolution of energetic electrons emitted by solar flares
[Papadopoulos et 8l., 1974; Magelssen and Smith, 19771

Up to the present time the primary solar wind plasma wave measurements which are avail-
able for analysis are from the Pioneer 8 and 9 [Scarf et al., 1968], Helios 1 and 2
[Gurnett and Anderson, 1977; Neubauer et al., 1977) and Voyager 1 and 2 [Scarf and
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Gurnett,'1978] spacecraft. Because of the low sensitivity, the early Pioneer 8 and

9 measurements are mainly confined to large amplitude electric fields associated with .
shocks and other solar wind discontinui@ies::;The higher sensitivity measurements

from the more recently launched Helios and Voyager spacecraft have in the meantime
provided a comprehensive survéy of all the plasma:waves which occur in the solar wind

from about 0.3 to 3 AU, even at very low intensities.

The main types of plasma waves observed in the solar wind are, in order of decreasing
frequency (1) electron plasma oscillations (Langmuir waves) at the local electron
plasma frequency, f;, (2) ion-acoustic waves at frequencies below the ion plasma fre-
quencies, £}, (3) whistler-mode waves at frequencies below the electron gyrofre-
quency, f;, and (4) ion-cyclotron waves at frequencies below the proton cyclotron fre-
quency f;. The approximate frequency range and radial variation of the character-
istic frequency associated with each of these waves are shown in Figure 1. For future
reference, Figure 2 shows the correspbnding dispersion relation, phase velocity vs.
frequency, for typical solar wind parameters at 1 AU. In this review, electrostatic
and electromagnetic waves are discussed ééﬁérately since the instability mechanism
and interaction with the plasma tends to be quite different for these two cases. In
addition, plasma waves associated with interplanetary shocks are discussed in a sep-

arate section since these events are of a somewhat specialized nature.
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Figure 1. The radial variation of the Figure 2. The phase velocity of the vari-
most important characteristic frequen- ous plasma wave modes which occur in the
cies of the solar wind plasma. solar wind at 1 AU.

II. ELECTROSTATIC WAVES

A. Electron Plasma Oscillations

Intense narrow-band electrostatic emissions near the electron plasma frequency, f;,
are occasionally detected by both the Helios and Voyager spacecraft. Polarization

measurements with the Helios spacecraft [Gurnett and Anderson, 1977] show that the
electric field of these waves is parallel to the static magnetic field, which together
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with the oscillation frequency, uniquely identifies these waves as electron plasma
oscillations. Electron plasma oscillations usually occur in association with solar
flares and type III radio bursts, although occasionally no relationship to solar
activity is apparent. A typical example of electron plasma oscillations detected

by Helios in association with a type III radio burst is shown in Figure 3, from
Gurnett and Frank [1978]. The solid lines in this illustration give the peak electric
field strengths and the vertical bars (solid black areas) give the average field
strengths. The intensity scale for each frequency channel is logarithmic, with a

10 100 mv m™t. The local

electron plasma frequency, f;, at the time of the burst is indicated in Figure 3.

dynamic range of 100 db, extending from about 1 uV m~

As can be seen, the largest electric field strength occurs in the 31.1 kHz channel,

in almost exact coincidence with the electron plasma frequency. Since the phase velo-
city of these waves is substantially larger than the solar wind velocity, sz, Doppler
shifts due to the solar wind motion are small (see Figure 2). The very large ratio

of peak-to-average field strengths, ~ 103, evident in Figure 3 indicates that the
plasma oscillations consist of many short very intense bursts, with a relatively long
dead time between bursts. As shown by Gurnett and Anderson [1977], the time scale for
an individual burst is often extremely short, sometimes comparable to the time reso-
lution (50 msec.) of the instrument. The observation of such spiky bursts has led to
the suggestion that these waves may be involved in strong turbulence effects, such as
the oscillating two-stream instability [Papadopoulos et al., 1974] and soliton col-
lapse [Nicholson et al., 1978]. At the present time, however, support for such pro-
cesses is only qualitative since the field strengths involved, E2/8ﬂnkT ~ 10-5, are
only marginal for the onset of strong turbulence effects, and the time resolution is
not adequate to resolve the intense fields associated with a collapsing soliton

[(smith and Nicholson, 1978].

c-o77.32 The Helios cbservations of electron
TR M ewes  plasma oscillations in direct associ-

v N ' ' ' ! N i /
T e ——— ation with type ITII solar radio bursts

[Gurnett and Anderson, 1976] provides

& convineing verification of the mech-

anism, first proposed by Ginzburg and

Zheleznyakov [1958] nearly twenty years

ago, that these radio bursts are caused
by intense electron plasma oscillations

generated by a two-stream instability.

UT (R W) OO0 0200 0400 0600 0800 As indicated in Figure 1l, nonlinear
RIAU) 0430 0449 0448 Qaer Q4de

MELIOS-2. DAY 92, APRIL I, 1976 interactions can produce radio emis-

i:Figure 3. Typical examples of electron sion at both the fundamental, f;, and

plasma oscillations and ion-acoustic waves
- detected by Helios 2 at 0.45 AU.

second harmonic, Zf;, of the electron

plasma frequency. The characteristic
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decreasing frequency with increasing time of a type III radio burst is produced by
the decreasing electron plasma frequency excited by the solar flare electrons as they
sweep outward away from the sun. Various techniques show that the dominant radio
emission at low frequencies (< 1 MHz) is at the second harmonic [Fainberg et al.,
1972; Kaiser, 1975; Gurnett et al., 1978al.

When plasms oscillations are associated

0.C78 7.2

E 3 with a type III radio burst they are
£ SSSOCIATED Wit TvPC T R0 BUwTS often very intense, as in Figure 3, and
- i % show a clear tendency for a saturation
- : _effect which limits the maximum field
oE ‘g strength of the oscillations. Studies
E C 3 of numerous events at various radial
; : : distances from the sun show a systematic
§ r Y % decrease in the saturation field strength
;-o%- -t \\. _ -é ~ with increasing radial distance. This
g E 3 radial dependence is illustrated in
; " .:2%p3 - Figure L, from Gurnett et al. [1978v],
i r L i which shows the maximum plasma oscilla-
ol e 3 tion field strengths for all of the type
E i 7 IITI events detected to date with electron
i : plasma oscillations. A best fit power
. . { law through all of the points indicates
%0 | . e f‘J that the electric field amplitude véries

R, HELIOCENTRIC RADIAL DISTANCE, AU

approximately as 1/R5. Although the small

Figure 4. The heliocentric radial number of events limits the accuracy to
variation of electron plasma oscil-
lation intensities associated with
type III radio bursts. mined, the general trend toward decreas-

which the power law index can be deter-

ing field strength with increasing radial
distance from the sun is clearly evident.
An approximate upper bound to the electric field to plasma energy density ratio,

E2/8nnkT, is approximately 2 x 10'5, as indicated by the solid line in Figure L.

B. JIon-Acoustic Waves

One of the early discoveries from the Helios plasma wave experiment was the observa-
tion of moderately intense electrostatic waves at frequencies between the ion and elec-
tron plasma frequencies, f;'< f < f;. These waves were initially referred to

f;'<'f <'f; noise [Gurnett and Anderson, 1977]. Subsequent investigations by Gurnett
and Frank [1978] showed that these waves have very short wavelengths, X\ ~ 2nkD where

XD is the Debye length. Polarization measurements showed that the electric field 1is
closely aligned along the direction of the static magnetic field. Considerations of

the possible short wavelength electrostatic modes which can occur in a plasma strongly
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suggest that these waves are short wavelength ion-acoustic waves or waves with very

[

gimilar characteristics.
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An example of the ion-acoustic waves detected by Helios is shown in Figure 3. The
ion-acoustic waves usually extend over a relatively broad range of frequencies and

consist of many short impulsive bursts, as indiééted by the large ratio of peak-to- -

[

éverage field strengths. The frequency spectrum of these bursts shows & systematic
variation with radial distance from the sun, decreasing in intensity and frequency
with increasing radial distance from the sun. This radial dependence is illustrated
« 1in Figure 5 which shows two typical spectrums fram Helios at 0.47 and 0.98 AU and one
spectrum from Voyager at 1.73 AU. The upper frequency cutoff of the spectrum is con-
sistent with the maximum frequency expected fggrboppler shifted ion-acoustic waves
— [Gurnett and Anderson, 19771,

v
+ sW
- fpax % Tp * (en ) Cos 8y
where ekv is the angle between the wave vector and the solar wind velocity. As indi-

cated in Figure 2, large Doppler shifts are expected for ion-acoustic waves, since
the solar wind velocity is much larger than the ion-acoustic velocity,,JEE=7_¥1. The
radial variation in the upper frequency cutoff is mainly due to the radial variation
in the Debye length which varies approximately as kD o l/R. According to this inter-
pretation the apparent relationship of the upper and lower cutoffs of the spectrum to
f; and f; is purely coincidental.

= . High-time resolution spectrum measurements from

5-078-3384
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the Voyager spacecraft, shown in Figure 6 from

m-msr\cms_
woucert ] Kurth et al. [1979], provide very detailed infor-
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oav se7, cgc. 13, 977 mation on the frequency-time structure of these

1216 - 1218 UT

waves. As can be seen from Figure 6, the ion-
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acoustic wave bursts consist of narrow-band emis-

s = sions with a rapidly varying center frequency,

wiok )
— s r Lo sometimes displaying the inverted-U form evident
ﬁu_ i °“§;§§tf"- in Figure 6. The rapid frequency variations

- explains why the peak field strength spectrums
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i from Helios, as in Figure 3, appear 8O broad,
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.. Figure 5. A sequence of ion-acoustic wave spectrums showing the decrease in
the intensity and frequency with increasing radial distance from the sun.
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e. Figure 6. High-time resolution spectrogram of
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VOYAGER 2  DECEMBER 6, 1977 The occurrence of ion-acoustic-

JON-ACOUSTIC WAVES like waves in the solar wind is
L

3 ler——— At not surprising, since at least

N two investigators predicted their
§ occurrence before the Helios

4 observations. Fredricks [1969]
UT  0233:40 50 34:00 10 20 predicted that curren‘t-driven

HELIOCENTRIC RADIAL DISTANCE = .66 AU fon-acoustic waves should be

an ion-acoustic wave burst detected by Voyager 1. observed in associatlon with
shocks and other discontinuities,
and Forslund [1970] proposed that
ion-acoustic waves should be generated by an electron heat flux instability whenever
the electron-to-ion temperature ratio, Te/Ti, is sufficiently large. More recent
by Helios and Voyager have concentrated on a double-ion beam instability proposed by
Gary [1978] and on refinements of Forslund's electron heat flux mechanism [Dum et al.,
1979]. At the present time the exact mechanism responsible for these waves, and even
the precise identification of the waves as ion-acoustic waves, has not been definitely
established. A thorough study of the relationship of these waves to the plasma para-
meters measured simultaneously by Helios has recently been given by Gurnett et al.
[1979]. Im summary, both the electron heat flux and double-ion beam mechanisms have
elements of support in the experimental data. The principal difficulty with the elec-
tron heat flux mechanism is that occasionally waves are observed at Te/Ti ratios which
are too small to predict instability. Similarly the proton distribution functions
usually do not display a sufficiently sepé.rated double peak to produce an ion beam
instability. Overall, the observed correlation of the wave intensity with Te/ Ti and
the electron heat flux seem to favor the electron heat flux mechanism, although other
mechanisms involving double-ion beams or suprathermal proton streams [which cannot be

detected by Helios in the energy range from about 1.6 to 50 keV) cannot be ruled out.

III. ELECTROMAGNETIC WAVES

A. Whistler-Mode Waves

Measurements with high sensitivity search-coil magnetometers on Helios [Neubauer

et al., 1977a) have shown that a weak background of low frequency magnetic field tur-
bulence is nearly always present in the solar wind at frequencies extending up to
approximately the local electron gyrofrequency. The upper frequency cutoff near the
local electron gyrofrequency, f;, provides substantial evidence that this turbulence
1s caused by electromagnetic whistler-mode waves. As shown in Figure 1, the whistler
mode has an upper frequency cutoff at f;. Fortunately, the phase velocity of the
whistler mode (see Figure 2)A is usua.}ly compa;gp;l.e or la.Fger than the solar wind
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intensity of this turbulence increases
rapidly with decreasing frequency and
with decreasing radial distance from

the sun. Other types of discrete

whistler-mode emissions have also been
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039—031—052AU

reported by Neubauer et al. in associ-
ation with discontinuities in the solar

wind.

Several possible mechanisms for gen-

erating unstable whistler-mode waves

5 - in the solar wind have been proposed,

Figure 7. Magnetic field spectral densi- includinglthermal anisotropies in the

ties of whistler-mode turbulence during ion distribution function [Scarf et al.,
ggzbzziiazz zi?fiig7$£]?elios 1 [from 1967] and instabilities driven by the

- T electron heat flux [Gary et al., 1975].

. At the present time 1t seems most likely

that the whistler-mode turbulence detected in the solar wind by Hellos is produced by
an electron heat flux instability, although other possibilities such as the nonlinear
cascading of long wavelength large amplitude Alfvén waves cannot be entirely ruled out.
Since whistler-mode waves can interact resonantly with electrons it is possible that
this turbulence could play an important role in the pitch angle scattering of solar
wind electrons or in controlling the thermal conductivity of the splar wind [Gary and
Feldman, 1977]. For a review of these and other kinetic processes in the solar wind,
see Feldman [1978].

B. JTon-Cyclotron Waves

As shown in Figure 1 électromagnetic ion-cyclotron waves are expected in the solar wind
at frequencies below the proton cyclotron f:eguency, f;. Because of the decreasing
proton gyrofrequency with increasing radial distance from the sun, ion-cyclotron waves
are generated as a natural consequence of the outward propagation of Alfvén waves from
the sun, as in the "magnetic beach” mﬁdel discussed by Stix [1962]. Ion-cyclotron
waves can also be generated by & locally driven instability when T“ >'Tl (Gary et al.,
1976].
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Figure 8. Typical magnetic field spectrums
from Mariner 10 [Behannon, 1976] showing
the break in the spectral slope near the
proton gyrofrequency, possibly attributed
to lon-cyclotron waves.

Because of the large Doppler shifts
expected for the ion-cyclotron mode
and the presence of whistler-mode tur-
bulence in the same frequency range
(see Figure 2), conclusive identifi-
cation of ion-cyclotron waves in the
solar wind is difficult. Magnetic
field spectrum measurements such as in
Figure 8, from Behannon [1976], con-
sistently show a break in the spectral
slope near the proton gyrofrequency
which may indicate the presence of
ion-cyclotron waves. Behannon has
also reported nearly monochramatic
left-hand polarized megnetic field
oscillation at frequencies near the
proton gyrofrequency which he tenta-
tively identifies as ion-cyclotron
waves. Further measurements with
improved plasma diagnostics are needed
to provide a firm identification of
these waves as ion-cyclotron waves.
Since ion-cyclotron waves can interact

resonantly with protons, alpha parti-

cles and other heavy ions, it is thought that these waves may play an important role
in the acceleration of solar wind ions [Hollweg and Turner, 1978].

IV. WAVES ASSOCIATED WITH INTERPLANETARY SHOCKS

As is the case for the earth's bow shock large plasma wave turbulence levels are
expected in association with interplanetary shocks. This turbulence is necessary to
provide the collisionless interactions required to heat the plasma at the shock bound-
ary. The first observations of plasma wave electric fields associated with inter-
planetary shocks were obtained from Pioneer 7 and 8 [Scarf et al., 1968; Scarf and
Siscoe, 1971; Siscoe et al., 1971]. Other shocks which have been investigated include
measurements from IMP-7 [Scarf, 1977), Helios 1 and 2 [Neubauer et al., 1977b], Gurnett

-et al., 1979], and Voyager 1 [Kurth et al., 1979]. Because of the limited number of

events which have been examined and the wide variability from event to event, it is
difficult to summarize the characteristics observed, other than to comment that most
of the wave modes discussed in the previous two sections are also present in associ-
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Figure 10. The electric field intensities
detected by Voyager 1 for an interplanetary
shock observed on October 28, 1977.

Figure 9. The electric and magnetic

for an interplanetary shock observed
on March 30, 1976.

To illustrate the types of plasma wave turbulence usually observed, Figures 9 and 10
show two interplanetary shocks, one from Helios 2 [Gurnett et al., 1979] and the other
from Voyager 1 [Kurth et al., 1979]. The shock in Pigure 9 is a low Mach number, low
beta, shock which has a very clearly defined enhancement in the electric and magnetic

field intensities at the shock boundary. The electric field spectrum in the transi-

- tion region and downstream from the shock is qualitatively similar to the spectrum of

the ion-acoustic waves discussed in Section II. A weak burst of électron plasma oscil-
lations can also be seen upstream of the shock. The magnetic field noise in and near

the transition region is believed to be.whistler-mode turbulence.

- The Voyager 1 shock in Figure 10 differs from the shock in Figure 9 in several respects.

In this case, only very small electric field intensities are observed in the transi-
tion region. Instead, a broad region of electrostatic wave turbulence similar to the
ion-acoustic waves discussed in Section II is observed for several hours ahead of the

shock. It seems likely that these upstream ion-acoustic-like waves are driven by

‘suprathermal protons streaming out ahead of the shock, as occurs for the earth's bow

shock.
Whistler-mode turbulence qualitatively similar to Figure 9 is present in a broad

regioqrdownstream.of the shock.

No electron plasma oscillations are observed in assocliation with this shock.
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These and other shocks studied show that there is a great deal of variability in the
electrostatic noise intensities associated with shocks. Since so many parameters,
such as the Mach number, the magnetic field direction with respect to the shock normal
and the electron-to-ion temperature ratio, can affect the kinetic structure of a shock
it is not possible with the limited number of events analyzed to give any general con-
clusions regarding the control which these parameters have on the plasma wave turbu-

lence levels associated with a shock. Further studies are clearly needed.

V. CONCLUSION

This review has shown that considerable progress has been made in the experimental
study and understanding of plasma waves in the solar wind during the past few years.
Continued measurements by the Helios spacecraft during the solar maximum, by the
Voyager spacecraft at large distances from the sun and by the ISEE-C spacecraft at

the libration point upstream of the earth, promise to provide further improvements in
our knowledge of solar wind plasma waves during the next few years. Although signifi-
cant advances will be made, additional attention needs to be glven to certain types of
measurements. Of particular importance is the need for much higher time resolution,
both for the plasma wave measurements and for the corresponding plasma distribution
functions. As can be seen, many of the plasma wave phenomena observed in the solar
wind occur on extremely short time scales, sometimes as short as a few tens of milli-
seconds or less. The reason why such impulsive fine structure occurs in, for example,
electron plasma oscillations and ion-acoustic waves is not known, and probably cannot
be fully resolved until higher time resolution measurements are available. Another
area of particular importance is to extend these measurements in much closer to the
sun. Essentially every plasma instability studied shows a clear tendency to increase
rapidly in intensity with decreasing radial distance from the sun. This trend, along
with various theoretical considerations, suggests that the most important microinsta-
bility processes which occur in the solar wind probably occur close to the sun, for
example, near the sonic point in the solar wind flow and in the region of maximum
solar wind heating. Direct in situ measurements close to the sun, such as may some-
day be obtained from a solar probe m1351a;; are clearly needed to fully understand
these processes.
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ION SOUND TURBULENCE IN THE SOLAR WIND
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Abstract: A stability analysis for ion sound is carried out which directly uses de-
tailed measured particle distributions, rather than model distributions. Correlation
with measured wave activity is satisfactory. Valuable information about the instabi-
lity mechanism, transport processes and the accuracy of measured distributions can
be obtained by this method.

Recently, electrostatic fluctuations have been measured in the solar wind, over a

wide range of radial distances (0.3 - 3 AU) from the sun (Gurnett, 1978). The wave
vectors tend to be aligned with the magnetic field (heat flux) and satisfy kAD <1
(Ap
lasts from several hours to several days. These wave characteristics and the corre-

Debye length). Waves occur in bursts of a few tenths of a second and activity

lation of wave activity with macroscopic parameters such as the electron-ion tem-
perature ratio and the electron heat flux strongly indicate that the modes may be
identified with jon sound waves (Gurnett et al., 1978). The stability of unmagnetized
electrostatic modes depends on the reduced distribution function in the direction of
wave propagation. Accepting that electrons have no net drift with respect to the ions
or low energy double peaks, there are basically only two free energy sources for ion
sound, a drift of low energy electrons (core) relative to the ions as is characteris-
tic of a skewed distribution carrying a heat flux, and resolved double peaks in the
reduced ion distribution (Gary, 1978; Lemons et al., 1978). Nonlinear excitation by
coupling to other modes may also be possible. The question regarding the mechanism
responsible for the observed fluctuations is still open. An answer to this problem is
also important for a stuy of the anomalous transport effects connected with the wave
activity (Dum, 1978a, b). We hope to contribute to a resolution of this issue, by a
linear stability analysis which directly uses detailed measured particle distributions
rather than model distribution functions, and compares the results with measured
wave activity.

A numerical code which resolves the measured distribution functions into spherical
harmonics,

fly) = 2 Y] (D 8= v/v=(e,4) (1)
,M
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in an appropriately chosen coordinate system, and then determines the dispersion re-
lation for arbitrary speed dependence of the fT, can be used most efficiently for our
purposes (Dum et al., 1978). One may, for example, isolate a particular free energy
source for instability, by arbitrarely turning off various measured anisotropies,
corresponding to heat flux (1 = 1), viscous pressure (1 = 2) or higher orderl terms
pendent ion anisotropies. We are not biased by the rigid speed dependence and aniso-
tropies of the various model distributions generally used in stability analysis and
thus are able to extract the maximum information from data, such as obtained from
the Helios space crafts (Rosenbauer et al., 1978).
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Fig. 1. Electrons: Contour lines (10", n = 1,2..) of a cut in the ecliptic plane
and reduced distribution function along the magnetic field. (Solar direction:
v, > 0, v, < 0).

X

The intrinsic limitations of the stability analysis imposed by the finite resolution
and accuracy of the measurements can be analyzed by our method. We may also find out
how the ambiguity in fitting various models to measured distribution functions affects
the outcome of conventional stability analysis. The fact that there is an apparently
strong positive correlation between observed wave activity and the least square de-
viation from a Maxwellian fit to the ions (Gurnett et al., 1978) should be noted in
this connection. For electrons, more sophisticated core-halo fits by two bi-Maxwel-
lians, also become poor for increased anisotropies, characteristic of heat flux, de-
spite the large number of parameters that need to be determined (Feldman et al., 1976).



[

HianN

1

301

4 4 20| VY
LOG (Fo/Fuapx)
18

2 2

' 12
0 ° e
2 -2
-4 -4

,f‘"’
-8 -8
-8 -8
V, < KM seC™1>

-200 -1B0 -120 -Bo -4 ©O© 4 80 120 180 200 == PROUECTION OF B

Fig. 2. Ions: Reduced distribution along the magnetic field and contour lines of a
cut in the plane formed by magnetic field and bulk speed. (Solar direction: v <0,
Vu < 0). Measurements are by Helios 1 at UT 289:14:12:32 and distance 0.57 AU from
the sun.

A stability analysis using a combination of drifting Maxwellians is very instructive
(Gary, 1978; Lemons et al., 1978) but appears somewhat artificial for the measured
distributions. The features of non-Maxwellian distributions relevant to ion sound
have been analyzed in detail (Dum, 1978a, b). The dispersion relation may be written
in the form

(kvi/w)? = =[(Ti/T)E (ko) + & (kw)] (2)

where the dielectric constants are normalized by introducing the plasma frequencies
Wl = 4nn.eg/m. and characteristic thermal velocities v = Tj/mj’ j = e, i defined

J JJ J
by the second moments of the distributions in the (common) rest frame w = v-u. The
quasi-neutrality condition ng =N; =n is also used, but not for the fluctuations.

For phase velocities (w/k) « Ve the electron contribution to (2) depends primarily
on low speed particles, roughly with the weight factor w-z, although particles of all
speeds w> (w/k) contribute to the resonance w-k * w = 0. The dielectric constant may
be written in a form resembling the result for a drifting Maxwellian

V2 -
ok ap + i(n/2) a_y v,  [(w/k)-d* (R)] (3)
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——~
x
€
—~—
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_, 2 -2 2
where the form factors a_, = v,° f d w f (ww™" = T /TY and a_j = (2nv, ) %2 (0)

define the effective electron temperature and slope respectively, and are equal to
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unity for a Maxwellian. The effective drift velocity is determined by the odd ! aniso-
tropies, also weighted with the factor wfz . Thus, u‘(g) is not directly related to
the mean-velocity (<w> = 0 in the rest frame) or the heat flux c~w3) but rather to
the rate of momentum transfer with an effective collision frequency v'vw_3, corres-
ponding to electron-ion collisions or ion sound turbulence (Dum, 1978b). A unigue re-
lationship between u®™, heat flux 9e and temperature gradient VTe exists only for the
nearly Maxwellian distributions of classical transport. The dependence on the anglea
between wave vector k and anti-heat flux direction -§ may also d1ffer from a cos a
law. In fact, we find that in the presence of a strong "Strahl", u genera]]y peaks
at substantial angles to -§. In the low temperature approximation (w /kvi)>> 1 for
the ions, the real part of the dielectric constant may be expanded in terms of the
usual moments, density, pressure tensor, heat flux tensor etc. Each term also yields
a dependence on the direction E) corresponding to definite values of 1 in expansion
(1) (Dum et al., 1978). Stability analysis must account for the very different be-
haviour of electrons and ions, Jjust discussed. If model distributions are used, the
fit parameters should at least be determined from measured distributions with appro-
priate weight factors, rather than from simple least square fits.

For ion sound in the solar wind, the approximation (w/kve) <<1 is excellent. The con-
dition (w/kvi)2 >> 1 is not very well satisfied, however. In fact, the temperature
ratio is often not as large as demanded by conventional stability analysis. From Fig. 2
we may guess that the effective ion temperatures for the sound velocity, c§= (T;*-+
3 T;')/m, and for Landau damping also differ from the moment Ti‘ No analytic reduc-
tion such as (3) is possbile, however, for finite (w/kvi) and the dielectric constant
must be computed directly from the measured distribution. For resonant instabilities,
the imaginary part of the dielectric constant depends on details of the distribution
functions and thus must always be computed by the full numerical code. For small
growth rates the range of phase velocities (w/k)+ 10 is determined by the condition
that ReEi be sufficiently negative to compensate (Ti/Te)Rege‘° Ti/T:'in (2).

The imaginary part of (2) determines then the rate of dissipation or the growth ra-
te Yy We introduce the normalization

7 - -(1/2) (w/kv)® [T, /T )ImE, + Imé.] (4)
corresponding to yk- Yk/w for low temperature ions. The distributions in Figs. 1, 2
correspond to observed jon sound activity. We find T. /T = 0.187, a maximum phase
speed (w/k) = 46 km/sec corresponding to kxD ~ 0 and YK = -3.8.10'2 [—3.8-+4.8] =
-3.8.10'2 in the direction -§. The damping is larger in other directions and increases
rapidly with decreasing phase speed. Less than three minutes Tater the electrons are
more anisotropic and give the largest destabilizing term at o = 45°. We also found a

few destabilizing double jon peaks.So far, however, we have not found positive net growth
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rates by either mechanism. For periods of observed wave activity the computed damping
rates are very small, whereas for passive periods the damping is large. We consider
this correlation satisfactory, since for active periods we only expected to find con-
ditions close to marginal stability. It is well known from laboratory and computer
experiments that se]f-regu]étory quasi-linear effects in a collisionless plasma limit
jon sound turbulence to short temporal or spatial bursts, with a width and (much
Tonger) repetition period depending on macroscopic conditions (Dum, 1978a, b). High
resolution wave observations in the solar wind agree with this picture. The period
required for a complete measurement of particle distributions, however, is much
Tonger than the duration of the bursts, hence it should be dominated by the decay

and recovery phase,y_ < 0, of the bursts (Lemons et al., 1978). From the very low
excitation levels and the short duration of the bursts, we may conclude that during
active periods the plasma actually remains extremely close to marginal stability.
Rather than looking for unstable distributions,it thus appears to be more promising
to study possible modifications of the distributions, consistent with the constraints
imposed by the marginal stability condition, quasi-linear effects and particle mea-
surements. Combaring with Coulomb collisions we find for electrons that even for

fluctuation levels <E%>/8mT as Tow as 107/

, turbulence completely dominates iso-
tropization. Inelastic turbulent scattering is much slower but still dominates for
speeds w SW = 0(ve) and leads to a flattening of the electron distribution in this
range. The form factor a_g decreases very rapidly (Fig. 1; Dum, 1978a) and a_o also
decreases for an electron distribution self-consistent with ion sound. Because of con-
tamination by photoelectrons and distortions by the spacecraft potential the electron
distribution below the thermal velocity is not measured but extrapolated, using a
Maxwellian fit to core electrons. Simply using a flat topped distribution in this range,
instead, leads to negligible changes in total temperature and density but reduces

the form factors for the core component from unity to a_j = 0.63 and a_, = 0.83.
Varying the space craft potential by + 2 Volts from the estimated value changes

ImEe by a few percent. Cold ions, on the one hand favor ion sound instability, but on
the other hand, the measured fluxes are then above the one count level only in rela-
tively few channels of the ion instrument. The spacing of channels in velocity may
become comparable or even larger than the ion thermal velocity. These uncertainties
affect primarily the imaginary part ImEi. The net growth rate, of course, is affected
even more strongly, since near marginal stability it is the difference of two com-
parable terms.

We have demonstrated the feasibility of a stability analysis which directly uses
measured distributions. More extensive data surveys are under way, including also
electromagnetic instabilities. Stability analysis for periods of observed ion sound
activity should give valuable information about the instability mechanism, transport
processes and particle distributions.

4
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I. INTRODUCTION

To fully understand the macroscopic fluid-like behavior of the
solar wind it is first necessary to understaﬁd the microscopic pro-
cesses that control the fluid properties of the plasma. In a colli-
sionless plasma Euch as the solar wind it 1is now widely recognized that

the relevant microscopic processes are plasma instabilities, As

dynamical interactions occur between various elements of the plasma

velocity space gradients, 3f/3v; and 3f/3v,, are produced in the distri-

bution function that lead to the growth of waves. As the waves grow to
large amplitude, wave-particle interactions occur that tend to
eliminate the velocity space gradients causing the instability. Plasma
instabilities thereby play a role similar to collision in an ordinary
gas by controlling and preventing large deviations from thermal
equilibrium.

The principal plasma wave modes of importance in the solar wind
are summarized in Figure 1, which shows a plot of the phase velocity,
w/k, as a function of frequency for typical solar wind conditions at 1
AU. For simplicity, only waves propagating parallel to the magnetic
field are shown. At low frequencies the relevant characteristic speeds
of the plasma are the Alfven speed, Vy = B/f;;;;, and the sound speed,
Vg = /;2575, where p, is the mass density, y is the adiabatic

compression constant, T is the temperature and m is the ion mass, At
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radial distances beyond about ten solar radii, the solar wind speed,
Vgws 1s substantiall& greater than eithér of these speeds. At low fre-
quencies three modes exist. These modes are called the fast, inter-
mediate and slow Alfven waves. At higher frequencies the three Alfven
modes merge into the whistler mode, the ion-acoustic mode, and the ion-
¢yclotron mode. The whistler mode has a resonance (zero phase velocity)
at the electron cyclotron frequency, fg, and the ion~cyclotron mode has
a resonance at the ion cyclotron frequency, ft. These two modes are

electromagnetic and are driven unstable by anisotropies in the electron

and ion distribution functions [Kennel and Petschek, 1966]. At frequen-—

‘cies above the lon cyclotron frequency the ion-acoustic mode is almost

completely electrostatic and has many properties similar to a sound wave
in an ordinary gas. This mode is strongly damped by Landau damping
unless the electron temperature, Tq, 1s much greater than the ion
temperature, Ty. If Tg >> Ti’,F?EP,the ion-acoustic mode can be driven
unstable by a variety of processes, including currents [Stix, 1962},
electron heat conduction [Forslﬁéd,rl970] and ion beams {Lemons et al.,
1979]. At higher frequencies, near the electron plasma frequency, f;,
two more modes appear. Omne of these modes is a purely electrostatic
oscillation at the electron plasma frequency and is called an electron
plasma oscillation. Electron plasma oscillations are produced by elec-
tron beams or a reglon of positive slope, 3f/3v, > 0, in the electron
distribution function. The other mode is the free space electromagnetic
mode. This mode only propagates at frequencies above the electron

plasma frequency. When only linear effects are considered the free
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space electromagnetic mode is completely independent of the other
plasma wave modes. ﬁowever, whgn nonlinear effects are included the
free space mode is coupled to other modes such as the electron plasma
oscillation. These modes can then transfer energy to the free space
mode, producing electromagnetic radiation that can escape from the
plasma. The radial variation in the frequency range of these various
plasma wave modes is summarized in Figure 2 for typical solar wind
conditions. S

To investigate plasma waves in the inner heliosphere the Helios-1l
and -2 spacecraft were equiped with a set of triaxial flux gate amd
search coil magnetometers for measuring magnetic fields, and a 30-meter
tip-to-tip electric dipole antenna for measuring electric fields. The
flux gate magnetometers measure magnetic fields at frequencies less
than _ Hz, and the search coil magnetometers measure magnetic fields
at higher frequencies, from __ Hz to ___ Hz. Complete descriptions.
of the Helios magnetic field instruﬁents are given by Musmann et al.
[1975] and Dehmel et al. [1975]. The electric field instrument
provides measurements of electric fields in sixteen channels over the
frequency range from 30 Hz to 178 kHz. A complete description of the
plasma wave electric field instrument on Helios is given by Gurnett et

al. [1975].
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II., ELECTROSTATIC WAVES

The Helios plasma wave instrument detected two primary types of
electrostatic waves: electronrplasma oscillations and fon acoustic
waves. Examples of bothﬂtypes of waves are illustrated in Figure 3
which shows a l6-channel plot Qf the electric field intensities
detected by Helios 2 at a heliocentric radial distance of about 0.45
AU, The solid line in each frequency channel gives the peak electric
field strength and the upper edgéwgéﬁthe solid black band gives the
average field strength. The time resolution for the peak and average
field strength measurements vary with bit rate gnd in this case 1is 40
seconds. The electron plasmaréséillations occur in the 56.2 kHz
channel during the interval from about 0650 to 0740 UT, and the ion
acoustic waves occur in the frequency range from about 1.0 to 17.8 kHz
for the entire 8 hour duration of the plot. Because these two types of

emissions usually occur independently and have different charac-

teristics, they will be discussed separately.

A. Electron Plasma Oscillations

Electron plasma oscillations are easily identified in the Helios
electric field data because they usually occur in only one or two fre-
quency channels near the local electron plasma frequency, f;. Electron
plasma oscillations are often associated with type III solar radio

bursts of the type shown in Figure 3, although they also occur
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separately. Type III radio bursts are éroduced by flares and active
regions on the sun and have an easily identified frequency-time vari-
ation, with the frequency decreasing monotonically with increasing time
[Wild, 1950]. The Helios observations of electron plasma oscillatioms
associated with type III radio bursts [Gurnett and Anderson, 1976]
confirmed a long standing theory for the origin of these ratio bursts.
According to this theory, first proposed by Ginzburg and Zheleznakov
[1958], the generétion of type III radio bursts is a two-step process
in which (1) electron plasma oscillations are first produced by energic
electrons from a solar flare, and (2) the energy in the plasma oscilla-
tions is converted to electromagnetic radiation via nonlinear coupling
to the free space electromagnetic mode. Because the electrons are
impulsively released by the flare a region of positive slope, of/avy >
0, is generated near the leading edge of the energetic electron stream
due to time-of-flight considerations. The temporal evolution of the
reduced one-dimensional distribution function, f(vy), is illustrated in
Figure 4 for an electron plasma oscillation event detected by the ISEE
3 spacecraft at 1 AU [Lin et al,, 1981]. Since the growth rate of the
plasma oscillations is proportional to 3f/3vy [Stix, 1962; Krall and
Trivelpiece, 1973], waves are only generated during the interval when
af/3vy is positive. This interval is usually about 1 hour at 1 AU,
decreasing to about 20 minutes at 0.3 AU. Because the region of posi-
tive slope is only present near the leading edge of the electron
stream, the plasma oscillations are confined to a localized region that
moves outward from the sun at a speed comparable to the energetic elec-

tron stream, typically 0.1 ¢ to 0.5 c¢. As the region of intense plasma



oscillations moves outward from the sun electromagnetic radiation is
generated at f; and,2f;, producing the decreasing emission frequency
with increasing time that is characteristic of type IIT radio bursts.
This radio emission process is illustrated in Figure 2. At low fre~
quencies, below about 1 MHz, the strongest radiation is at the seconmd
second harmonic, 2f;, [Fainberg and Stone, 1974; Kaiser, 1975; Gurnett
et al,, 1978]. Because the electromagnetic radiation propagates freely
away from the source, the type III radiation is typically detected 10
to 20 minutes before the region of intense plasma oscillations arrives
at the spacecraft.

By using a large number of electron plasma oscillation events
detected over a several year period, the variation of the electric
field strength of the plasma dégiiiations can be determined as a func-
tion of radial distance from the sun [Gurnett et al., 1980]. This
variation is shown in Figure 5. As can be seen, the electric field
strength tends to decrease with increasing heliocentric radial di;—
tance, varying approximately as R-1le4 = 0.5, This decrease is expected
because the electric field to piasma energy density ratio, E2/8m«T,
which controls the saturation intensity, is approximately constant.

For a constant energy density ratio the maximum electric field E is
expected to vary approximately as R™8/7, since the number-deﬁsity n
varies as R-2 and the temperature T varies as R™2/7 [Hundhausen, 1972].
The observed radial variation is seen to be reasonably consistent with

the expected radial variation. Typical maximum values for E2/8m«T are

about 2 x 1073,
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The radial variation of the field strength of the plasma oscilla-
tions can also be coﬁpared with the emissivity of the fype III radiation,
which varies as approximately R™6 [Tokar and Gurnett, 1980]. For most
second harmonic emission mechanisms the emissivity varies as E“., This
dependence occurs because the radiating current at the second harmonic 1s
proportional to the product of the field strength of two interacting
plasma oscillations. Since the power radiated is proportional to the
square of the current, a fourth power dependence on the electric field
strength is expected. Since the emissivity varies approximately as R™6,
the electric field intensity should then vary as R™1+35, This radial'
variation is also in reasonable quantitative agreement with the observed
radial variation.

High time resolution measurements of electron plasma oscillations
detected by Helios [Gurnett and Anderson, 1977] show that the electric
field intensity 1is very spiky, with rapid intensity variations down to
time scales of 70 msec, or less. This very spiky electric field struc—-
ture accounts for the very large peak to average field strength ratio
evident in Figure 3. Consideration of the nonlinear interactions that
stabilize the electron beam has led a ﬁumber of investigators to predict
that the electric field structg?e should be very spiky [Papadopoulos et
al., 1974; Galeev et al., 1975;”%;£dwe11 and Goldman, 1976; Papadopoulos,
1978; Nicholson et al., 1978; Freud and Papadopoulos, 1980; Goldman et
al.,, 1980]. The origin of the spiky structure involves a focusing effect
that causes the plasma oscillation intensity to increase in regions of

decreased plasma density. If the wave intensity is sufficiently large

the electric field pressure causes the plasma density to decrease



further, increasing the focusing and eventually forming a soliton-like
structure that collaéses down to a spatial scale of only a few Debye
lengths. Collapsed plasma oscillation structures of this type, sometimes
referred to as "spiky turbulence”™, have been observed in the laboratory
[Wong and Quon, 1975]. For the receiver averaging time constant of the
Helios instrument, ~ 50 msec, it is not possible to follow intensity
fluctuations down to the time scales, hundreds of usec, required to
resolve soliton-like structures. The maximum plasma oscillation field
strengths detected by Helios, typically only 5 to 10 mV/m, are too small
to reach the threshold electric field strength, E2/8m«T > (kip) 2

= 1072 to 1073, required for soliton collapse. However, becaus; of the
relatively long, 50 msec, averaging interval it is still possible that
such large field strengths could be occurring on short time scales.
Evidence of soliton—-like intensity fluctuation have been reported by
Gurnett et al. [1981] for electron plasma oscillations detected in the

solar wind upstream of Jupiter's bow shock.

B. Ion Acoustic Waves

The second type of electrostatic noise detected in the solar wind
by Helios is a band of sporadic emissions between the proton and electron
plasma frequencies, f3 and f;. 7§?§guse of the frequency range involved,
these emissions were initially referred to as f; < f < fs noise [Gurnett
and Anderson, 1977]. In their initial interpretation of this noise,
Gurnett and Anderson suggested that the emissions are ion acoustic waves
which are Doppler-shifted into the frequency range f; < f < fs by the
motion of the solar wind. Although the full understanding of the origin

of these waves is not-yet complete, considerable evidence now exists

3
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indicating that the waves are either ion acoustic waves, or a closely
related ion-acoustic-like mode. For this reason, we will refer to the
emissions as ion acoustic waves. The reasons for this identification
will be discussed shortly.

A typical example of the ion-acoustic waves detected by Helios is
shown in Figure 3. The noise does not occur continuously, but rather
in episodes lasting for periods ranging from a few hours to several
days. Episodes of enhanced ionmacéﬁstic wave activity usually occur a
few times per month, and tend to be more frequent and more intense
closer to the sun. The periods of enhanced ion acoustic wave activity
often recur on successive solar rotations, particularly ahead of high-
speed solar wind streams [Gurnett et al., 1979] and ahead of inter-
planetary shocks [Kennel et al., 1982]. The ratio of the peak to
average electric field strength is large, typically greater than 40 db,
indicating that the noise is very impulsive and sporadic on time scales
of a few seconds, or less. When the intensities are averaged over
several minutes the spectrum appears very broad, usually extending from
near f; to slightly below f;. The cutoffs at f; and f; are not rigid
cutoffs, and as will be discussed shortly, it is probably coincidental
that the spectrum falls in this frequency range. As shown by Gurmett
and Frank [1978] and Gurnett et al. [1979] both the intensity and fre-—
quency of the noise tend to increase with decreasing radial distance.
This tendency is illustrated iﬁﬁfigure 6, which shows representative
electric field spectrums of the ion acoustic noise at three heliocentric
radial distances: 1.73 AU from Voyager 1, 0.98 AU from Helios 1 and
0.47 AU from Helios 1. A statistical study of the radial dependence

shows that the broadband electric field strength varies approximately
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as 1/R, varying from about 1 mV/m (10% quartile) at 0.33 AU, to about
0.3 mV/m at 1 AU. Aithough Helios had no capability for obtaining
electric field waveforms, wideband measurements from Voyager 2 [Kurth
et al., 1979] show that the ion acoustic waves consist of nearly momo-
chromatic emissions whose center frequencies vary over a wide range on
a time scale of a few seconds. A typical high resolution frequency-
time spectrogram of the ion-acoustic waves detected by Voyager 2 is
shown in Figure 7. Because of the rapid fluctuations in the center
frequency of the emission, the spectrum appears to be very broad when
averaged over longer intervals, as in Figure 6, even though it is
nearly monochromatic on short time scales.

The evidence that the fg < f < f; noise detected by Helios is
caused by ion acoustic waves is somewhat indirect and is based mainly
on comparisons with very similar waves observed upstream of the Earth's
bow shock. Because lon acoustic waves have very short wavelengths, the
Doppler-shift caused by the motion of the solar wind is substantial.
When the Doppler shift is included the frequency of an ion-acoustic

wave in the spacecraft frame of rest is given by

Ck
@ = ————+ V_k cos 8
—_— sw

kv '
2.2
/1+kxD
where Cg = JKTe7mi is the ion acoustic speed, k is the wave number, 8y
is the angle between the wave vector and the solar wind velocity, and

Ap is the Debye length. The rest frame frequency of the ion acoustic
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wave 1s given by the first term and the Doppler shift is given by the
second term. For tyfical solar wind parameters the Doppler shift is
much larger than the rest frame frequency. Therefore, to a good
approximation w = Vg k cos 6,,. Because of the onset of strong Landau
damping at short wavelengths, k has a maximum value of kip = 1. The
paximum frequency is then given by wypayx ™ Vgu/Ap. For typical solar
wind parameters at 1 AU (n = 5 cm™3, T = 1.5 x 105°K, Vgyw = 400 km/s)
the maximum frequency is approximately f .4 = 8.0 kHz, which is in good
agreement with the observed upper frequency 1imit (see Figure 6).

Since the electron temperature is nearly Iindependent of radial distance
[Hundhausen, 1972] and since both Vg/ Ap and f; vary as the square root
of the electron density, it is easy to verify that fp,y 1is proportional
to f;. This relationship explains why the frequency of the ion acoustic
waves appears to vary in direct proportion to fj (see Figure 6). How-
ever, in this interpretation the upper cutoff frequency actually has no

direct relationship to fp It is only coincidental that f_ ., is near

f;.

Although the upper cutoff f;eéuency of the f; Cf< f; nolse is
consistent with an ion-acoustic wave interpretation, it does not uni-
quely identify the noise as ion acoustic waves because other short
wavelength mode also exist with cutoffs near kip = 1. These modes
would also have an upper frequenéy cutoff at upszx = Vgu/Ap. The evi-
dence that the noise is due to ion acoustic waves rests on other obser-
vations. First, a well-known characteristic of the lon acoustic mode

is that the damping is very sensitive to the electron to ion tempera-

ture ratio, T./Ty. Ion acoustic waves are weakly damped if T,/T; >> 1,
e/ *1 . e/ i
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and strongly damped 1f T./Ty = l. Using solar wind plasma measurements
from Helios, Gurnett'et al. [1979] have shown that the electric field
intensity of the f; < £ < fg noise increases as the T,/T; ratio
increases, as would be expected for an ion acoustic instability.
Second, Gurnett and Frank [1978] have pointed out that the ion acoustic
noise detected by Helios has essentially identical characteristics to a
band of low frequency electric field noise detected upstream of the
Earth's bow shock between about ! to 10 kHz. By using techniques not
available on Helios, Fuselier and Gurmett [1984] have been able to to
measure the wavelength of the Y%Xéé: By measuring both the wavelength
and the frequency, the disperéiaﬁjgglation can be determined. An
example of these measurements is shown in Figure 8. Although the polar
angle & of the wave vector is a free parameter, the basic shape of the
dispersion curve, including the break at kip, = 1 and the upper fre-
quency limit at wpis are all in excellent agreement with the ion
acoustic dispersion relation. Although this type of measurement is not
available for-the waves detected by Helios, these measurements strongly
suggest that the waves detected by Helios far from the Earth are also
ion acoustic waves.

Given that the waves detected by Belios are ion acoustic waves,
the question arises as to how these waves are generated. This is a
difficult question that has not yet been completely answered. Upstream
of the Earth's bow shock it is now well established [Scarf et al.,
1970; Gurnett and Frank, 1978; Anderson et al., 1981] that the ion

acoustic waves are closely associated with energetic, 1 to 10 keV,

proton beams arriving from the bow shock. Since ion acoustic waves are
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also observed ahead of interplanetary shocks [Kennel et al., 1982] one
might think that the.ion acoustic waves detected by Helios far from the
Earth are produced by a comparable type of ion beam in the solar wind.
Lemons et al. [1979], for example, suggested that the waves are pro-
duced by an ilon-beam instability. Despite the reasonableness of this
line of thinking, to date no definite relationship has been established
between ion beams in the interplanetary medium and ion acoustic waves.
This failure could be in part due to the absence of suitable energetic
ion measurements on Helios. However, attempts to establish a relation-
ship using the more complete measurements available on ISEE 3 at 1 AU
have also not been successful, .

Many years ago, even before the discovery of the solar wind ion
acoustic waves, it was suggested by Forslund [1970] that the conduction
of heat away from the sun by electrons could produce ion acoustic waves
in the solar wind. This instability occurs because if no current 1is
allowed to flow then the presence of a third moment (heat flux) in the
electron distribution function produces a shift between the peaks of
the electron and ion distribution functions. If the heat flux is
sufficiently large, this shift produces a double hump in the reduced
distribution function that makgs the 1on acoustic mode unstable.
Comparative studies of the Helios plasma and plasma wave data [Gurnett
et al., 1979] show that the ion acoustic wave intensities are closely
correlated with the electron heat flux, This correlation is shown in
Figure 9. Detailed studies of electron and ion distribution functions
by Dum et al, [1981] also show that the electron heat flux can account

for the ion acoustic waves observed by Helios, The electron heat flux
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instability therefore seems to provide a reasonable basis for under-
standing how these wéves are generated. However, there are still
unresolved difficulties. In some cases ion acoustic waves are observed
when Tg/Ty 1s near one. Under these conditions the ion acoustic mode
should be strongly damped. Also, in a few of the cases analyzed by Dum
et al. [1981] the ion acoustic mode was found to be stable even though
waves were present. The origin of the instability under these unusual
conditions remains unresolved. Marsch and Chang et al. [1983], for
example, have suggested that an entirely different instability such as
the electrostatic lower hybrid iqg}gbility may be required to explain
the origin of the noise under these conditions.

The possible macroscopic consequences of the solar wind ion
acoustic waves detected by Helios is unknown. Forslund [1970]
suggested that ion acoustic waves in the solar wind could have
important consequences for controlling heat conduction in the solar
wind. Usually the ion acoustic waves detected by Helios are very weak.
The ratio of the electric field energy density to the plasma energy
density, E2/8m«T, is only about 1075 to 1077 during intense bursts,
and much smaller on the average. Whether such low intensities can have
significant macroscopic effects on the solar wind has not been

adequately explored.
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Figure 1

Figure 2

Figure 3

Figure &4
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FIGURE CAPTIONS

A plot showing the phase velocity of various plasma
wave modes in the solar wind for propagation parallel
to the magnetic field. Modes with phase velocities
below the solar wind velocity, Vgy, are strongly

Doppler shifted.

The characteristic frequencies of the plasma as a

function of radial distance from the sun.

A representative plot of the electric field
intensities from Helios-2 showing an electron plasma
oscillation event associated with a type III solar
}adio burst and a period of enhanced ion-acoustic

wave activity.

A sequence of reduced one-dimensional electron
distribution functions from ISEE 3 [Lin et al.,

1981] showing energetic electrons arriving from a
solar flare. Electron plasma oscillations occur
during the times when the distribution function has a

region of positive slope, 3f/avy > O.



Figure 5

Figure 6

Figure 7

Figure 8
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The electric field strength of plasma oscillation
evénts detected by Helios-1 and -2 in association with
type III radio bursts. The best fit power law through
these points varies as R™1e% * 0.5 The solid line
shows the electric field intensity corresponding to an

electric field to plasma energy demnsity ratio of

E2/8m«xkT = 2 x 1073,

Peak and average electric field spectral densities
for ion acoustic waves at three representative radial
distances from the sun. The spectrum increases in
intensity and moves to higher frequencies with
decreasing radial distance, usually staying in the

+ - -
range fp < f < fp.

A high resolution frequency~time spectrogram of ion
acoustic waves detected by Voyager 2 at 1.66 AU. The
ion-acoustic emissions consist of a nearly mono-

chromatic tone with a rapidly varying center frequency.

Measurements of the frequency and wave number of ion
acoustic noise detected by ISEE-]1 upstream of the
Earth's bow shock. The solid curves show the
dispersion relation for the ion acoustic mode as a
function of the polar angle 8 of the wave vector, which

1s unknown.
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Figure 9
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A plot of simultaneous measurements of the electric
fiéld intensity of ion acoustic waves and the electron
heat flux. The field intensity clearly tends to
increase as the heat flux increases, suggesting that
the ion acoustic waves may be driven by an electron

heat flux instability.
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Elektronen und Ionen sind im Plasma des in-
terplanetaren Raums frei beweglich. Sie konnen
in vielfiltiger Weise Schwingungen ausfiihren
und dabei Wellen anregen. Solche Schwingun-
gen und Wellen iibernehmen in dem sehr diin-
nen Plasma, in dem gegenseitige Stife zwi-
schen den Teilchen hichst selten sind, die Rolle
von Energieiibertragern und sorgen fiir Tempe-
raturausgleich. Um solche Schuingungen und
Wellen beobachlen zu kiomnen, ist HELIOS mit
einer 32m langen Mefantenne ausgestatiet. Sie
ist der Wellensensor fir drei Empfinger, die
den Frequenzbereich von ungefihr 10 Hz bis
S MHz abdecken (Experimente 5a, 5b und 5¢c).
Die Antenne spricht auf elektrische Feldschwin-
gungen an. Magnetische Feldschwingungen
werden vom Induktionsspulen-Magnetometer
(E4) registriert.

Drei prinzipielle Typen von Plasmawellen wur-
den von der Mefantenne empfangen: (1) elek-
tromagnetische Wellen, die sich durch den
Sfreten Raum hindurch ausbreiten, (2) Elektro-
nen-Plasma-Schwingungen, (3) ionenakusti-
sche Schwingungen und Wellen.

Elektromagnetische Wellen (1) sind als Lichi
oder als Radiowellen - je nach ihrer Frequenz
und Wellenlinge - allgemein bekannt. Im Plas-
ma konnen sie sich nur dann fortpflanzen,
wenn thre Frequenz hiker ist als eine Grengfre-
quenz f,, die man Plasmafrequenz nennt. Sie
breiten sich mit Lichigeschuwindigkeit aus. Nur
wenn thre Frequenz knapp iiber der Plasmafre-
quenz liegl, wird die Wellengeschwindigkeit
(Phasengeschwindigkeit) hiher als die Lichige-
100

Plasma Waves in the Solar Wind;
10 Years of HELIOS Observations

D. A. Gurnett and R. R. Anderson
Department of Physics and Astronomy
The University of Iowa

Towa City, IA 52242

I. Introduction

Previously in this book the reader has been
introduced to the idea of a plasma, and to a solar
plasma called the solar wind.

Because both the electrons and ions are free to
move in a plasma, a wide variety of waves can
exist in the solar wind. These waves are called
plasma waves. Since the early days of the discov-
ery of the solar wind it has been thought plasma
waves play an important role in controlling dy-
namical processes in the solar wind. Because
collisions are extremely rare in the tenuous solar
wind, plasma waves play a role similar to colli-
sions in an ordinary gas by scattering particles
and providing the dissipation necessary to
achieve thermal equilibrium. To detect plasma
waves the HELIOS spacecraft included a 32
meter tip-to-tip dipole antenna for the electric
field of plasma waves, and a search coil mag-
netometer for detecting magnetic fields. The
signals from the electric antenna were analyzed
by three instruments which covered the frequen-
cy range from about 10 Hz to 3 MHz. Another
instrument analyzed the signals from the search
coil magnetometer. In this paper we review re-
sults obtained from the HELIOS electric field
measurements.

Before discussing the results, it is useful to
review the types of waves that can exist in a
plasma. Three principal types of plasma waves
were detected by the electric field instruments
on HELIOS: (1) the free space electromagnetic
mode, (2) the electron plasma oscillation mode,
and (3) the ion acoustic mode.

The free space electromagnetic mode is the
usual electromagnetic mode in free space, of
which light and radio waves are common exam-
ples.

The electron plasma oscillation is an almost
purely oscillatory mode in which the electrons
vibrate around their equilibrium position while
the ions remain at rest. The resulting charge
oscillation produces an electric field but no
magnetic field. For this reason these waves are
somefimes called electrostatic waves.

The jon acoustic mode is very similar to a sound
wave in an ordinary gas, except that the electric
field transfers the wave momentum instead of
collisions. In contrast to electron plasma oscilla-
tions, both the electrons and ions participate in
the wave motion. Because of the large inertia of
the ions, the propagation speed of the ion acous-
tic mode is quite slow, normally much less than
the solar wind speed, which is typically about
400 km/sec. As in the case of electron plasma
oscillations the ion-acoustic mode is electrosta-
tic, with no magnetic field.

Because the electron density decreases with in-
creasing heliocentric radial distance, the laws of
physics require that both the electron and ion
plasma frequencies decrease with increasing ra-
dial distance from the sun. The resulting radial
variation is shown in figure page 101. As can be
seen the electron plasma frequency, which is the
characteristic frequency of electron plasma oscil-
lations and the low frequency limit of the free
space electromagnetic mode, increases from



schwindigkeil. Die Plasmafrequenz hangt von
_ der Zahlendichte der Elektronen im Plasma ab.

I I Erdbahnnihe liegt die Plasmafrequenz bei

ungeféhr 20kHz, also im Bereich der lingsien

. Radiowellen.

* Bei den Elektronen-Plasma-Schwingungen fiik-

ren die Elektronen Oszillationen um die als
ruhend angenommenen, viel schwereren lonen

. des Plasmas aus. Die resultierenden Schurin-

" gungen der elektrischen Ladung erzeugen elek-

trische, aber keine magnetischen Felder (elek-

__. lrostatische Wellen ).
" Ionenakustische Wellen haben dhnliche Eigen-

schaflen wie Schallwellen in einem Gas, abgese-
hen davoyy, dag das elektrische Feld fiir den

— Wellenimpuls verantwortlich ist und nicht die

gegenseitigen Teilchenstofe. Im Gegensatz zu
den Elekironen-Plasma-Schwingungen nehmen

. an den ionenakustischen Wellen Elektronen

und Ionen teil. Die Geschwindigkeit ist niedrig,
normalerweise viel kleiner als die Sonnenwind-
geschwindigkeit. lonenakustische Wellen kin-

T nen sich ausbreiten, solange ihre Frequenz klei-

ner it als die lonen-Plasmafrequenz f, die
threrseits im allgemeinen nur "is der Elekiro-

. nen-Plasmafrequenz f,, ausmacht.

Mit wachsendem Abstand von der Sonne nimmt

die Plasmadichte ab. Dadurch werden sowohl
— die Elektronen-Plasmafrequenz f,, als auch die

lonen-Plasmafrequenz f,, beeinfluft. Die unge-
_ fahre Anderung mit dem Abstand gibt Abb. Seite
~_101. Gegen die Somne hin wichst die Elektro-

nen-Plasmafrequenz von etwa 20 kHz bis zu

mehreren hundert MHz in der Nihe der Som-
. nenoberfliche an, entsprechend 500 Hz bis eini-
~ge MHz fiir die lonen-Plasmafrequenz.

~ Durch starke Elektronen-Plasmaschwingungen,
j die besonders dann entstehen, wenn ein grifie-

" rer Schwarm schneller Elektronen von der Son-
. Me aus durch den Raum und damit durch das
. Plasma fliegt, werden elektromagnetische Wel-
—Llen angeregt (Wellenausbriche vom Typ IIT; von

Kellogg genauer beschrieben im nichsten Kapi-
_ lel). Abb. Seite 102 oben zeigt Elektromen-Plas-
—maschwingungen, die tm Zusammenhang mit

einem Typ-III-Ausbruch beobachtet wurden. Wie
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about 20 kHz at the earth’s orbit to several
hundred MHz at the solar surface. The ion plas-
ma frequency, which is the upper frequency limit
of the ion acoustic mode, varies from about
500 Hz at the earth’s orbit to a few MHz at the
solar surface.

II._Electron Plasma Oscillations and Type III
Radio Bursts

Type III solar radio bursts are produced by solar
flares at the sun and are characterized by an
emission frequency that decreases with increas-
ing time according to a long standing theory, first
proposed by Ginzburg and Zheleznyakov (1958),
the generation of type 11l bursts is a two-step
process in which (I) electron plasma oscillations
are first produced by energetic electrons ejected
from a solar flare, and (2) the energy in the
plasma oscillation is converted to electromagne-
tic radiation via a nonlinear coupling process.
One of the first notable accomplishments of the
HELIOS plasma wave experiment was the confir-
mation of this basic mechanism.

An example from HELIOS 2 illustrating the
simultaneous occurrence of a type III radio

burst, electron plasma oscillations, and energetic
(20 — 65 keV) electrons from a solar flare is
shown in figure on page 102 top. This event
occurred on November 22, 1977, following a solar
flare that started at 09:46 UT.

According to current ideas the electron plasma
oscillations are excited by a beam-plasma insta-
bility as the high speed solar wind electrons
stream outward from the sun. These plasma
oscillations then produce radio waves at a funda-
mental frequency and the second harmonic via
nonlinear coupling to the free space elec-
tromagnetic mode. This process is indicated
schematically in figure page 101. For a further
discussion of the generation of type III bursts,
see the accompanying paper by Kellogg.

During the first 10 years of HELIOS observations
a total of 238 electron plasma oscillation events
were observed in association with type III radio
bursts. Most of these events occurred around the
time of maximum solar activity, from about 1977
to 1982. The frequency of the plasma oscillation
shows a clear tendency to increase with decreas-
ing radial distance from the sun, as would be
expected from figure page 10l. This trend is
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scheint bei Anniherung an die Sonne anzustet-

gen. Solche Plasmaschwingungen treten nicht decreasing emission frequency of the type III L o o]
—_ notwendigerweise nur dann auf, wenn ein Typ-  burst as the solar flare electrons move outward o2 by g;' w
[I1-Strahlungsausbruch beobachtet wird. Weit from the sun. The intensity of the electron plas- ot ' i

with increasing radial distance accounts for the

ma oscillation also tends to increase with de-

Beispiel fur das gleichzei- An example iliustrating
. tige Awftreten eines sola- the simultaneous detection
T ren Radio-Ausbruchs vom of a type 111 solar radio
€ Typ II1, von Elektronen- burst, electron plasma os-
b Plasmaschwingungen und  ¢illations, and energetic
a hiherenergetischen Elek-  electrons arriving from a
> tromen einer Sonnenerup- solar flare. The electron
P tiom. Man nimmian, da§  plasma oscillations are be-
e die Elekironen-Plasma- Hieved to be produced vis a
2 schwingungen durch beam-plasma instability
E Wechselwirkungen 2wi- caused by the energetic
» schen dem von der Sonne electrons streaming out
ausgesiofenen Elektro- from the sun, and the type
. nenstrahl und dem Son- 11 radio emission is pro-
— nenwindplasma hervorge- duced from the electron
-3 rufen werden. Die Radio- plasma oscillations via a
2% wellen des Ausbruchs sind  onlinear coupling pro-
2 eine Folge der Plasma- cess.
§ g schwingungen, verursacht
e~ durch komplizierte Wech-
—8 selwirkungsprozesse.
o=
| |
UT (HRMN] 1000 1100 1200
HELIOS-2, DAY 326, NOV. 22,1977, R=0860 AU
Spektrale Messungen des Electric field spectrum
elektrischen Felds zeigen measurements showing the
. die Anderung der Elektro-  variation of the electron
shr die Frequenz der Elektronen-Plasma- illustrated in figore page 102 bottom which iy ik Plasma Feg et e san
schwingungen bei Anndherung an die Somme shows the spectrum of electron plasma oscilla-  der Sonne.
. zunimmt, zeigt Abb. Seite 1 02 unten. Auch die tion events detected at 0.86, 0.68, and 0.32 AU.
— Intensitiit der Elektronen-Plasmaschwingungen  The decrease in the electron plasma frequency - %

TrrT—rrrTrT
325 yvme!

. haufiger sind eng lokalisierte Schwingungsge-
= biete; sie treten gelegentlich mehrmals am Tag
~ auf und stehen nicht in Verbindung mit der crease in the field strength with decreasing

Aussendung von elektromagnetischen Wellen. radial distance probably explains why type m
- radio bursts tend to be more intense at higher

~ In den ersten Monaten der Missi HELIOS | frequencies, which are generated closer to the

creasing radial distance from the sun. The in-
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160 wvem!
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o2 NG T, NTS
wurden erhihe elektrische Feldintensitaten im  ° ool Ao au
Sonnenwind entdeckt. Die Frequenzen lagen Electron plasma oscillations are also observed ol J

— zwischen der Iomen- und der Elektronen-Plas- that are not associated with any detectable type sl -

 mafrequenz in Perioden, die zwischen einigen 111 radio emission. These types of plasma oscilla- ELECTAON PLASMA -

" Stunden und mehreren Tagen lagen. In Abb.  tions occur quite frequently, sometimes several o= L JEe—

__ Seite 108 sind die Frequenzspektren fiir drei times per day. The absence of a detectable radio ot AR 19, 1975
verschiedene Abstinde von der Sonne aufgetra-  emission from these events indicates that the W gaf N au
gen (die oberste der drei Kurven ist von einer plasma oscillations are probably quite localized, o i

= VOYAGER-Beobachtung entlichen, um die Ab  and not occurring simultaneously over a large o_ur " n T
hingigkeit vom Sonnenabstand besser darstel-  volume of the solar wind, as in the case of the w0 0! 0 o’ b

len zu kimnen). Der Trend ist klar erkennbar.
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™oy die zehn Jahre seit der Entdeckung dieser
, i Rauschen konmnte iberzeugend nachgewie-
<en werden, daf es sick dabei um iomenakusti-
Sche Wellen handelt. Diese miiSten immer im
¢ requenzbereich unler der Ionen-Plasmafre-
Fienz liegen, wahrend sie von HELIOS bei Fre-
querwm registriert wurden, bei denen sie sich
. : “gentlich nicht ausbreiten kinnen. Die Losung
E:’s Problems bietet der Doppler-Effekt. Er ist
* “dafiir verantwortlich, dag die Relativbewegung
»vischen Sender und Empfanger zu Frequenz-
: i_trschiebungen fiihrt. Im vorliegenden Fall ist
. \_2r Sender das Plasma, das die fraglichen Wel-
len erzeugt. Beriicksichtigt man die Sonnen-
- indgeschwindigkeil und die Bahngeschwin-
ngkezt von HELIOS und rechnet die 2u erwar-
tende Frequenzverschiebung aus, so ergeben
. _Tch tatsichlich Frequenzen, die geringer sind
~ [ Is die Ionen-Plasmafrequenz. Trotz des langen,
* tausgedehnten Studiums dieses Phinomens sind
noch nicht alle Einzelheiten des Entstehens io-
enakustischer Wellen klar. Zwei Fakioren
__sheinen besonders wichtig zu sein, das Verhdlt-
nis der Temperatur der Elekironen zu der der
men T T, (die beiden komnen stark verschie-
o sein, weil so gut wie keine Stife awischen
emzelnen Teilchen aufireten), und der Wirme-
MR der Elektronen Q, Falls sich herausstellen
silte, daf tatsichlich der Wirmeflug der ent-
heidende Anregqungsfaktor dieser Wellen 1ist,
so mug folgen, daf ionenakustische Wellen eine
_ richtige Rolle spielen fir den Wirmetransport
__es Sonmenwinds.

um ul

"bb. Seite 104 zeigt eine inlerplanetare Stofwel-
{ ), Wie sie von etnem der Radiowellenempfinger
“Yegistriert wurde. Wie bereils auf den Seiten 74

bis 78 und 86 geschildert, stellen Stofwellen
- pastische Stérungen der sonst einigermafen
_ cordneten Verhiltnisse im inlerplanetaren

Raum dar. In den ersten Monaten der Mission
_ raten sehr wenige solcher Ereignisse auf. Spd-
- 2r jedoch, besonders im Mazimum des Sonnen-
TPeckenzykius, waren sie recht hiufig.

e StoBwelle von Abb. Seite 104 wurde am 30.
~Mirz 1976, 17:44:00.5 Uhr registriert. In den
meisten Frequenzkanilen setzte plitzlick starke
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III; Ion Acoustic Waves in the Solar Wind

In the first few months of operation of HELIOS 1,
enhanced electric field intensities were discover-
ed in the solar wind at frequencies between the
jon and electron plasma frequencies. Typically,
two or three periods of enhanced electric field
intensities occur during each solar rotation, se-
parated by periods of relatively low intensity. The
periods of enhanced activity usually last from a
few hours to several days. Subsequent investiga-
tions showed that the frequency spectrum of the
electric field fuctuation depended on the radial
distance from the sun, generally increasing in
frequency, intensity and occurrence with
decreasing distance from the sun. A representati-
ve set of electric field spectrums taken at 1.73,
0.98, and 0.47 AU, is shown in figure page 103.
The spectrum at 1.73 AU is from VOYAGER 1. The

Typische Spektren der Typical spectra of the elec-
Feldstirke ionenakushi- tric field strength of lon
scher Wellen in verschie- scoustic waves at various
denen Abstinden vor der distances from the sun.
Sonne. Man beachie die Note the tendency for the
Anstiegstendenz der Fre- frequency and intensity to
quenz und der Intensilit increase closer to the sun.
bei der Anniherung an

die Sonne.

trend toward increasing intensity and frequency
with decreasing heliocentric radial distance is
clearly evident.

Over 10 years since the discovery of this noise, a
fairly convincing case has been made that these
waves are ion acoustic waves. At first glance it
does not appear that the spectrum is consistent
with an ion acoustic wave interpretation, since
the peak in the spectrum occurs well above the
jon plasma frequency, whereas the ion acoustic
mode can only propagate at frequencies below
the fon plasma frequency. This difficulty was
resolved by Gurnett and Anderson. Because the
solar wind velocity is much greater than the ion
acoustic speed, they concluded that the frequen-
cy should be almost entirely determined by the
Doppler shift caused by the motion of the solar
wind. The Doppler shift depends on wavelength
and is given by f = V/A, where X is the wave-
length of the waves.

The minimum wavelength varies from about 60
meters at the orbit of the earth to 20 meters at
the HELIOS perihelion. The corresponding maxi-
mum frequencies, assuming a nominal solar wind
velocity of 400 km/sec, are 8.6 and 20 kHz. These
maximum frequencies are seen to be in excellent
agreement with the upper cutoff frequency of the
observed electric field spectrum.

Even after ten years of study the origin of the
solar wind ion acoustic waves is not yet clearly
established. Two factors, the electron to ion
temperature ratio, T./T;, and the electron heat
flux, Q., seem to control the intensity of the ion
acoustic waves.

These dependences support a theory, first by
Forslund (1970), in which the fon acoustic waves
are excited by the electron heat flux in the solar
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Walleniniensitat ein. Bemerkenswerl ist Jedoch
{ Bbmhemmwenumwkszemtsvordem

" bentreffen der eigentlichen Stowelle erhihte
" Feldstirken registriert wurden. Diese erhohie
1§ tivitdt wird als Elekironen-Plasmaschwin-

£_ng gedeulet dhnlich der, die auch bei Typ-III-

: Ausbruchen beobachiet wird. Anscheinend stri-

= m einige Elektronen noch schneller als die
: 2fwelle in das umgebende Plasma des Son-
wenwinds hinein. Die Schwingungen, die da-
nach breitbandig in den meisten Frequenzkand-
, 1 einsetzen, sind ihrer Natur nach ionen-
{_‘ustische Wellen. IThre Intensitit ist jedoch
wesentlwh hoher als die der vorher besproche-

L Wellen dieses Typs. Gelegentlich treten auch

i lche Wellen bereits vor der eigentlichen Stog-
welle auf. Ihr Auftreten hingt von der Richtung
Aos Magnetfeldes ab: sieht es ungefahr senkrecht
~r Stofwellenfront, so kimnen auch lonen in
:..n Bereich vor der Front eindringen und dort
Schwingungen anregen. Steht das Magnetfeld
~ wgefihr parallel, so ist dieser Flug von Teil-
_en unterbunden; es treten keine tonenakusti-
‘schen Wellen vor der Stoffront auf. Der genaue

“*fehanismus der Anrequng iomenakustischer

__tllen vor der Stoffront ist allerdings noch
Sricht in allen Einzelheiten bekannt. Man kann
Jedoch von HELIOS | weilere Mefidaten erhof-
_ n, die dazu beitragen werden, einige der vie-
_n offéenen Fragen der Dynamik des interplane-
taren Raums zu losen.

“wvispiel von Plasmawel- An example of plasma
len, Rervorgerufen durch waves produced by an in-
“w inlerplanetare Stof- terplanetary shock. The
" tle. Man nimmt an, dgff  electron plasma oscilla-
_tktronen-Plasma- tions are believed to be
xlumngungen von Elek- produced by electrons
tromen stammen, die in streaming into the region
__n Bereich vor der Stog- ahead of the shock. The
= i stromen.Der plitzli-  intense burst of noise at
ne Anstieg, der in den the shock crossing are be-
metsten Frequenzkandlen lieved to be ion acoustic
" 1 Augenblick des Eintref.  waves. These waves are

13 der Stoffrond regi- thought to heat the plasma
_"tert wird, ist ayf ionen- at the shock.

akustische Wellen zurick-
»ufiihren. Diese Wellen
" rrden flir die stofwellen-

dingle Aufhetzung des
TIa.mas verantwortlich

gemachi.
M

wind. If the electron heat flux is the origin of
enhanced acoustic wave intensities, it is possible
that these waves may play an important role in
regulating the thermal conduction of heat away
from the sun by the solar wind!

IV. Waves Associated with Interplanetary Shocks

Solar flares often produce shock waves that
propagate through the solar wind out to the orbit
of the earth. These shock waves are called inter-
planetary shocks and are almost always accom-

panied by enhanced plasma emissions. During '

the early part of the HELIOS mission interplanet-
ary shocks were quite rare. However, later,
around solar maximum, from about 1977 to 1982,
many shocks were observed. The plasma wave
signatures associated with these shocks are high-
ly variable and depend on the detailed stucture
of the shock. A representative example is shown
in figure page 104. This shock was detected by
HELIOS 2 on March 30, 1976. The plasma wave
signature in this case is quite straightforward
and consists of a burst of electron plasma oscilla-
tions upstream of the shock and an abrupt broad-
band burst of electric field noise at the shock

crossing, which was at 17:44:00.5 UT +0.5 sec. .

The broadband burst of noise gradually decays
downstream of the shock over a period of half an
hour or more.

Electron plasma oscillations are frequently ob-
served upstream of the earth’s bow shock and are
known to be caused by a beam of electrons
streaming into the solar wind from the shock.
The mechanism of exciting the plasma oscilla-
tions is essentially the same as the oscillations
associated with type III radio bursts, except that
the electrons originate from the shock instead of
the solar flare. In the region close to the sun,
electron plasma oscillations of this type are
believed to cause type II and type IV solar radio
bursts via a nonlinear coupling process very
similar to the generation of type III radio bursts.
Interestingly enough, shock-associated electron
plasma oscillations are quite rare in the HELIOS
data. The March 30, 1976 event is one of the few
shocks with upstream electron plasma oscilla-
tions. The reasons for the relatively low occur-
ence of upstream electron plasma oscillations
ahead of interplanetary shocks is not completely
understood, but is probably related to the lower
Mach number of interplanetary shocks.

The intense broadband burst of electric field
noise at the shock is observed on essentially
every interplanetary shock detected by HELIOS.
The shape of the spectrum of this noise is very
similar to the spectrum of the ion acoustic noise
described previously, but is usually more intense,
sometimes reaching peak broadband field
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strengths of several mV/m. Because of the simi-
larity to the ion acoustic wave spectrum, it is
generally believed that this noise is caused by ion
acoustic waves generated in the shock. Studies of
similar turbulence in the earth’s bow shock indi-
cate that this noise probably plays an important
role in heating the plasma at the shock. Because
particle collisions in the tenuous solar wind are
extremely rare, some type of turbulent process
must be present to provide dissipation and to
heat the plasma at the shock.

V. Conclusions

This summary of results from the HELIOS plasma
wave experiment demonstrates that this investi-
gation has produced many important new resuits
over the 10 year period since HELIOS 1 was
launched. This investigation confirmed a basic
theory for the generation of type Ill radio bursts
that was first proposed aver 20 years ago, and it
revealed the existence of enhanced levels of ion
acoustic wave turbulence in the solar wind. The
long duration of the observations and the ex-
tended radial distance coverage provided a vast
quantity of data on the temporal and radial

phenomena over almost an entire solar cycle.
The results obtained show that the plasma pro-

cesses occurring in the solar wind are very
complicated and many important questions still
remain to be answered. Hopefully, with the con-
tinued operation of HELIOS ! and further study
of the existing data some of these questions can
be answered.



